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RESPONSE OF ROOTS TO MECHANICAL IMPEDANCE

B. J. ATWELL
School of Biological Sciences, Macquaric Univensity, Sydney, New South Wales 2109, Australia

(Received 1 May 1992; accepied in revised form 18 fune 1992)

ATvwerl B. J. Response of roots to mechanical impedance. ENVIRONMENTAL AND EXPERIMENTAL BOTANY
33, 2740, 1993.—The response of roots 1o mechanical impedance has been addressed in the
licerature largely (rom the physical point of view. The propertics of soils which causc them to
become impenctrable by roows have been analysed in detail, with particular reference to soil
texture. Factors such as high soil cohesion (in clay soils) and high angle of internal friction (in
sandy soils) contribute to snil strength. Howcver, root growth often involves radial deformation
of the soil near the growing apex, requiring a consideration of soil compression as well. While
soils of all textures can impede rout growth, those with high clay content are thought 1o be most
inhibitory. Predictions of soil strength can also be obtained from penetrometer probes with
different diameters and tip shapes. A precise physical analoguc of root growth is not possible but
probes which peaecteate soil by deformation around the tip give surprisingly good estimates of
relative soil strength. The capacity of roats to minimize friction with the soil and expand radially
is thought to account for the lower, absolute resistance perceived by roots than by penctre meter
probex. Roots opposc strong soil by forces of osmotic origin acting on baoth the xail ard the
expanding cell walls. The responsc of roous is, however, poorly understood. Corticul celis tend
to become broader and shorter, causing the root axis to thicken. Root volumes and osmotic
pressurcs change as a result, The role of ethvlenc as a mediator of structural changes is in
question. Root (and shoot) carbohvdrate metabolism ix also changed by impedance in a way that
produces a favourable balance of biomass above und below ground and prevents carbohydrate
deprivation to growing tissucs. However, the co-ordinativa of changes in anatomy and meta-
bolism remains a mystery. The scope for sclection of plants tolerant to mechanical impedance is
discussed and there are reasons for optimism if new screening criteria are adopted.

Ko words; Compaction. ethylene, impedance, root. soil.

0055-4472/93 $5.00 + 0.00
Pergamun Prem Lid

1. INTRODUCTION

THE response of roots to mechanical impedance
has occupied agriculturalists, plant biologists and
soil physicists for at lcast the past century, While
our understanding of the complex physical
changes in soils under compression grew through.
out this time, an understanding of root response
lay reladvely dormant long after the clegant pion-
ccring studies of Prarrer.® In the 19505 and 1960s
the groups of TavLor in the U.S.A. and BarLEY
in Australia published a series of landmark papers

27

on the physics of strong soils and how they are
penactrated by roots and steel probes. This work
laid the foundations for a flow of later papers
which have refined our quantitative predicadons
of root growth during impedance. * The physi-
ology of roots growing in impeded conditions is,
however, only vaguely understood. There are dis-
parate and contradictory reports on the anatomy,
hormone physiology and carbohvdrate meciab-
olism of these organs and a cohesive description
of the biology still cludes us.

This review gives an overview of the soil factors
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which impose mechanical impedance on roots
and how resistance is best measured. This aspect
is covered very bricfly and the rcader is best
relerrcd to the excellent review by BarLEy and
Greacex."® Later reviews by GREacEN™ and
Benne'® also give comprehensive accounts of
root growth in strong soils. The response of roots
to impedance is then discussed, with the hope that
a biologist’s view on the subject might give useful
indications of ferdle new ground for research. Fin-
ally, attempts to find genetic variation in plant
responsc o strong soils are appraised.

2. THE MORPHOLOGICAL RESPONSE OF
INDIVIDUAL ROOT AXES TO
MECHANICAL IMPEDANCE

Optimal root growth requires an uncon-
strained pathway through the void space of the
soil. The negative impact of soil compaction on
root elongation is well documented''>%: but there
is considerable variation between individual
rcports on the degree of the growth response.
Comparisons between experiments are generally
inconclusive unless they take into account other
factors such as the plant species (scc Section 5),
soil moisture, temperature and texturc''® and
root diameter (see Section 3.3).

Figure 1 gives an impression of the inhibition
of root growth in cases where soil strength has
been estimated with a penetrometer probe (see
Section 3.2). In all cases reported here and else-
where in the literature, strong soils inhibit the
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Fic. 1. Relationship between the relative root length of

70-day-old maize, cotton, wheat and groundnut plants

and penetrometer pressurc. Reprinted from Benns!'®
(p. 403) by courtesy of Marcel Dekker, Inc.

extension of primary roots. However, there are
few reported cases of soil compaction completely
preventing root extension® and penetrometer
resistances as high as 6 MPa did not prevent
the continued, albeit slow, elongation of roots of
peanuts (Fig. 2).

The agreement between diffcrent experiments
is very limited, bul Fig. | shows that commonly
encountered levels of mechanical impedance (>2
MPa) are likely 1o reduce total root length and
root elongation rate by at least 509;. These daia
help illustrate the potential impact of soil com-
paction on root development under field con-
divons. More studies in which soil conditions
and plant species are varied methodically would
help reveal the impact of individual faciors on
growth rcsponses to mechanical resistance. For
cxample, Warnaagrs and Eavis”' looked at the
cftect of particle size on growth of roots through
sand. In addition, an assessment of the geneuc
variation in root tolerance to compaction under
a single soil regime has been reported.”

The responsc of root morphology to mech-
anical impedance is complex. The incvitable
decrease in elongation of impeded roots is often
accompanied by thickening (radial expansion) of

Rock. etongalion rale (mm/hr)

L L@
C 1 2 3 4 [) 6
Pawtromater resistance (MPY)

Fic. 2. Elongation rates of primary roots of cotton (O)
and pecanuts (A) growing for a period 40-80 h after
transplanting in soils compacted to different degrees at
a range of water contents (3.8-7.4% H,O). Repro-
duced from TAYLOR and RaTLIFF” (pp. 400—401) by
courtesy of the American Society of Agronomy, Inc.
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the root axes,(-13#4780.7) The degrec of thick-
ening of the roo, like the elongation rate, depends
on the pardcular experimental conditions. For
cxample, radial thickening in response to soil
compaction varied from ¢a 15%** o 30-
120%.“" Specifically, roots of pea thickened in
response (0 mechanical impedance by as little as
15% in Eavis' study® but more than 100%, in
MaTeRECHERA ¢ al’s*” experiment. The
extreme inhibiton of axial growth found by
MATERECHERA ¢ al. (93%) compared to that
observed by Eavis (60%) might go some way
o explaining these dramatic differences in root
thickening.

While expanding and marture root tissues are
thicker in many cases where roots are constrained,
the apex is relarively unaffected and tapersin a
manner typical of unimpeded roots.****? Finely
tapered root apices might cvade the resistance
imposed by soil aggregates and penetrate soil
pores more readily'?*? (see Section 4.1). The
potential for friction berween such tapered apices
and soil particles will be dealt with in Secdon 3.2.

Total root volume (and therefore mass) is not
necessarily reduced by soil strength because the
shorter root axes are often proporuonately
thicker.® In cases of more severe impedance,
however, the volume of radicles is sharply
reduced.

3. STRONG SOILS AND THE FORCES
WHICH ROOTS EXERT ON THEM

Root growth through 2 granular matrix such
as soil involves the resolution of a number of
forces. The physics of root growth (axial and rad-
ial stresses) must be considered alongzide the com-
pression and failure characteristics of the par-
ticular soil in order to generatc a quantitative
prediction of stresses on roots during mechanical
impedance.*” To further complicate matters, the
frictional interaction between the root and soil
must be considered, in spite of few data being
available on the surface characteristics of the
growing roots. Efforts to make a quantitative
analysis of root growth pressures go back ro
Prerrer’s classical studies on Vicia and maize
roots* and can be traced forward to the recent
literature.!!1-13%63049 While the techniques for
mcasuring the physical forces excried by roots

MECHANICAL IMPEDANCE 29

have changed litde, the mathemadcal solution of
the process has been developed to a point where
fixed general relationships might now be applied
through models.®*" Some clusive issues which
remain arc the biological response to mechanical
impedance (i.e. the extent to which roots respond
to soil strength) and the physical interaction
between the root surface and the soil particles,
particularly with respect 1o the lubricating action
of root exudates.™ These factors are probably
largely responsible for the remaining dis-
crepancies between cstimates of mechanical
impedance using probes and observed root
growth rates. 5% For example, the possibility that
roots can evade zoncs of compacton by sensing
the existence and position of void spaces (tre-
matotropism) has been addressed®® but has not
been resolved at this stage. There is a possibility
that roots very close to soil pores in a hard soil
can sense the position of the pore and grow
towards it.*® Ardficial soils might not be an ideal
system in which to identity this phenomenon, par-
ticularly while the chemistry of the putative signal
molecule is unknown. Such a molecule is likelv to
be of biological and possibly microbial origin, and
therefore might only be observed in undisturbed
systems,

3.1, The soil

While high soil strength is the direct result of
the physical state of the undisturbed soil, its exis-
tence is best defined as a reaction of the soil to forces
exerted by the growing plant,'¥ in this case, the
root. This empirical and, for the soil sciendst,
more obscure definition leaves the alternatives of
a bioassay for soil strength (penetrability of soil
by roots) or the generally preferred option of'steel
probes which approximate the axial thrust of a
plant root.

One widely observed characieristic of strong
soils is the decrease in void space (increasc in bulk
density) which arises from the close packing of
the soil pardcles.®!*** While an increase in bulk
density is not universal in strong soils,™ it is
likely thac the physical compression of soils by
heavy equipment leads to many of the field prob-
lems with high soil strength. (7:183+73)

Furthcr compression of soils by rooes is likely
to occur, at lcast in localized zones (millimetre
scalc) adjacent to the growing apex;‘'*! this is most
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conveniently considered as a zone of plastic failure
adjacent to the root surtounded by a zone of
elastic failure.*”*" When the packing density is
low, or the void spaces between aggregates are
large,""*? there is not likely to-be a lot of re-
orientation and compression of soil particles by
the roots. The general (Coulomb) equation used
1o describe the shear failurc of a soil undergoing
little or no compression is:

(n

where s, is shear strength, ¢ is cohesive strength,
g, is the normal Joad and ¢ is the angle of internal
friction. This equation cannot be applied 10 all
soil-root interactions and often requires a
measurement of compressibility as well as ¢ and
¢. ' For cxample, values of ¢ greater than 35
thigh internal friction as found in sands) arc likely
to confound the analysis of shear failure. In
general, the high compression index (case of com-
pression) of clays suggests that they readily
become impenetrable;' " this is consistent with
the relationship describing high clay soils as hav-
ing a greater propensity 10 stop root growth™
and penetration of probes.'“*" However. sands
with high internal friction can also present high
shear strength and a mechanical barrier to root
growth.”*' Genecralizations on soil tcxture are
not necessarily relevant o all soil-root com-
binations and might break down [or particular
plant specics {with characreristic root shapes, rhi-
zosphere chemistry, eic.) or mineralogical classes
{c.g. hard-setting metal-hvdrous oxide coated
sands). The common approach to estimating soil
strength ix 10 drive a steel probe of some known
dimension and tip shape into soil, thereby deriv-
ing a pressurc, usually quoted as penctrometer
pressure or point resistance (g,,).

5p=c+0,1anp

3.2. Do probes give a good estimate of the mechanical
impedance perceived by roots?

An analysis of the penctration of soils by probes
has been discussed in dctail elsewhere. ' How-
ever, it should be said that the penctrometer
probe, while only constituting a simulation of the
growing root, ofien gives data which correlate
well with the soil strength perceived by roots in a
relatively homogencous matrix."'® For example,
Eavis™ and GReacex and Or®” found that pea
root exiension was inversely related to pen-

etrometer resistance, whilc BENNIE and Botsa''™
and ATwWEeLL® found that ficld sites with high
penctrometer resistances were also characterized
by slow root extension in cereals. These effects can
confidently be ascribed to mechanical impedance
rather than poor aeration on the criteria defined
by Eavis®™ and Warnaars and Eavis.” The
potent interaction between soil compaction and
aevation should bc borne in mind when the
response of roots is being analysed.™

Cockerorr ¢ al.® showed experimentally
that the point resistance (g,), which is derived
from the resistance 1o penetration and probe
dimensions, is inversely related to radicle clon-
gation. They also showed that a decrcased voids
ratio was associated with stronger soil and sup-
pression of radiclc clongation. In this case, a probe
with a2 60° up angle gave an impressive cor-
relation with root growth as the soil was increas-
ingly compacied.

Special mention should he made of soils where
the dcviations between penetrometer readings
and the resistances perceived by roots are likely
10 be most exireme. Aggregation is common in
soils where the clay content exceeds 8-10%; the
formation of aggregatcs is sought as desirable for
the strueture of agricultural soils. The formation
of large, stable aggregates ofien leads 10 an
increasing ovcrestimate of the soil strength by
penetrometer probes; the ratio between pen-
etrometer pressure and root growth pressurc rose
from 1.8 (0 3.8 over the range of increasing aggre-
gatc size used Ly MsRA ¢f al'™ This implies
that soil amelioration which leads to betier root
penetration and drainage propertics might not
be reflected in smaller penctrometer resistances.
Roots can grow along the boundaries between
peds, thereby avoiding the resistance to pen-
etration of the bulk soil.""*'®

Another sourcce of variation beiwcen probes
and roots is the existence of friction between the
soil particles and penctrating shaft. This friction
is 2 composite of frictional resistance to soil pen-
etraton by the dp and drag due to the curved
exterior of the root (skin friction). The exact
degree of friction between the root and soil cannot
yet be measured directly. Ingenious attempts 1o
quantify skin friction'*%*% give some estimates
of the toral fricdonal resistance to extension. A
strong case is made that friction between steel
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robes and the soil far exceeds that between root
and 50il® and this explains much of the dis-
crepancy between penetraton of soil by blunt
probes and roots.®® This needs to be confirmed
over a wide range of conditions and root mor-
phologies.

It is conccivable that roots have evolved fea-
tures which minimize the friction with soil. In
particular, the zone of elongation in most roots is
small (5-12 mm), meaning that skin friction is
expericnced over a short section of rapidly
expanding tissuc (see Section 3.3). A further com-
pression of the zone of elongation in response to
mechanical impedance~? inevitably reduces the
friction perceived by the root. Such roots show a
proliferation of root hairs near the tip.** These
hairs help anchor the non-growing portion of the
root while the diminished zone of clongation finds
a path through the soil.’* The shorter zone of
elongation and diminished root meristem in
mechanically impeded roots'!" might allow roots
to react morc sensitively and grow into the avail-
able soil pores. %27 Finally, increased exu-
dation of lubricating mucigels in response to
mechanical impedance would reduce further the
impact of skin friction. A number of biological
approachcs to the issue of soil-root friction are
possible. Raot mucants, particularly those with
altered apex shape or root hair density, might be
a uscful tool to vary the magnitude of soil-root
friction without changing other root properties.
Characterizing the viscous properties of mucigels
and the suppression of svnthesis of mucilagenous
agents (c.g. waxes and extracellular glyco-
proteins) bv molecular techniques would help
to address the impact of soil-root friction from a
biological point of view,

Even if soils are finely structured and soil-root
friction is small, blunt probes have been shown to
deform soil in a manner different from roots. ™
Penetrometer probes commonly have a 60° angle
{30° semi-angle) at the up of the shalt, with che
result that they deform the soil ‘spherically’, char-
acterized by a re-orientation of particles near the
tip of the probe.”™ On the other hand, root apices
are more tapered and root axes thicken in
response to mechanical impedance (see Section
+.1), with the result that the radial stresses pre-
dominate as roots penetrate the soil. Roots there-
fore cause a ‘cylindrical’ failure of the soil followed

RESPONSE OF ROOTS TO MECHANICAL IMPEDANCE kY

by axial extension into the zonc of weakness
formed in front of the root cap. This model has
received wide acceptance over the past 25
years.!"® Probes with finely tapered tips deform
soil ‘cylindrically’ like a root, but such probes
bring new problems because of the increasing
amount of probe-soil friction as the fip becomes
more acute.’® Tapered probes (c.g. 10°) can
nevertheless give more satisfactory cstimates ot
soil strength than blunt probes.'™

The lower pressures required for *cvlindrical’
than for ‘spherical’ penetration of soil'' are
especially significant in cases where the internal
friction (@) is large (sandy soils) and the root
apex encounters high friction.’'* It has not been
demonstrated direcdy chat the lower pressures
required for cyvlindrical compression of the soil
translate 0 a saving in metabolic osmotic:
energy by the root. Again, root morphology
mutants which have constitutively different axis
diameters and root tip morphologies might reveal
differences in extension rate per unit of osmotic
pressure {axial extensibility). The smaller load
opposing axial root extcnsion which resules from
‘cylindrical’ compression of the soil might,
however, be achieved only through greater root
diamcters, which would dilute the incoming
osmotic solutes, This would in turn annul some
of the encrgy savings of a ‘cylindrical’ pattern of
soil deformation by requiring increased rares of
solute import (see Section 4.3).

The easier penetration of soils by roots than
probes is widely acknowledged. Eavis™" esti-
mated the stress required 1o drive a probe ino
compacied soil was four t cight times that
required for the root to penetrate the soil, in spite
of the dimensions of both being similar. StoLzy
and BARLEY'™ showed a much smaller difference,
but their data still confirm that roots penctrate
soils easier than probes. Much of the variation
between probe and root resistance is thought to
be due to clay content ol s0il.'® This discrepancy
in resistances is reflected in the observations that
roots elongarte in soils with penetrometer resist-
ances of 3.0 MPa,'® whilc the root turgor (or
osmotic) pressurc driving growth is less than 1.5
A\,IP;L(IMH

3.3. The exertion of pressure by rools
Root cclls grow by excrting turgor pressure on
the visco-clastic cell walls in the zone of clonga-
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ton. This pressure is normally opposcd by the
wall pressure, gencrated presumably as the bonds
within the walls develop tension. However, in
compacted soil, the solid martrix adjacent o the
roots adds an additional pressure to the wall
pressure which opposes turgor pressure. This
addidonal pressurc diminishes the effective turgor
pressure and suppresses cell expansion. These
variables can be described by the equation:

P==-(W+g) (2)

where P = wrgor pressure, W = wall pressure
and ¢ = the pressure imposed by the soil matrix
on the root.*” The implication of this equation is
that W, like P, has a single value for any indi-
vidual cell. In fact, W is differeni for the longi-
tudinal and radial walls of an clongating cell and
hence the expression of P is different in the axial
and radial directions of root growth. The import-
ance of distinguishing between axial and radial
growth pressure was recognized by PrEFrER®*
who madc accuraie estimates of growth pressures
in Vicia and maizc roots. The pressures PrerrEr
calculated, by mcasuring forces amd root cross-
sectional arcas, were in the range 0.7-2.5 MPa
axially and 0.4-0.6 MPa radially,”® whereas thc
estimates by Misra of ol.** suggest that radial
pressure in three species exceeded axial pressure.
Thec reason for this discrepancy might be the plant
species tested, although this is unlikely. MisraA e
al. used cylinders of chalk 1o estimatc the radial
pressure exerted by roots as opposed 1o PreFFer’s
plaster of Paris blocks. The diffusion of gases
through thc constraining materials might not
have been the same, leading to differences in the
flux of cthylene from the root and modified rates
of lateral swelling (see Section 4.2). This would
influcnce the estimates of radial growth pressure.

Whether the radial pressures are greater or less
than the axial pressures in impeded roots, the key
issue is that radial pressures are cxcrted over a
large area compared to the point impact of the
axial forces. For example, BarLey and GRe.
AceN''” calculaied that the radial and axial pres-
sures reported by Prerrer® in Vicia roots cxert 5
and 0.3 kg wt of force in the respective directions
along a 4 cm length of root. A significant radial
force might not be excrted over the entire 4 cm
sccdon of root, considering that the thickening
of roots is often localized near the apex® and

expanding tssues (less than 1 cm long) are likely
to be the main source of plastic compression.
However, even moderate radial pressures are
doubtless of great significance in causing soil
deformation adjacent to the zone of clongation
and relief of resistance to axial growth. The cor-
ollary was confirmed by Asbarra ef al“’’ who
showed that the resistance to radial expansion by
roots was at least 509/ less than resistance 1o axial
extension.

4. HOW ROOTS RESPOND TO
MECHANICAL TMPEDANCE

The physiological changes which occur in roots
(and emerging shoots) during and after exposure
to mechanical impedance are less thoroughly
documented than the physics of root—soil inter-
actions."® Some reasons for this were expressed
by BarLev!!Y and they remain largcly valid. Bar-
Ley!'¥ reported some of the anatomical changes
in roots, realizing that the forces required for
growth depend on the root dimensions as much
as turgor pressure of the apical tissues. The
responses of individual cel} types to mechanical
pressurc and the conscquences for root metab-
olism ar¢ stll poorly undersiood. Better infor-
mation on aspects of metabolism such as
exudation, assimilate use, ion transport, plant
growth regulators and cell wall rheology will give
insights into both the physics of root growth in
compacted soils and the conscquences of restric-
ted root growth on whole plant performance.

4.1. Anawmy

A recurring conclusion from experiments on
mechanically constrained roots is that the diam-
eter of the impeded root axes increascs compared
with unimpeded controls.®!! 5 40676 B gy pyt)
showed that the application of pressure to devel-
oping 1 ¢m root apices was necessary to clicit the
commonly observed changes in rvot dimensions.
Tissucs appear unable o thicken in responsc
to mechanical impedance once primary growth
has ccased. This increase in the diameter of
impeded rvos (and compressed cmerging
shoots)'® is generally accompanied by a decrease
in elongation. There is no evidence that the two
responses can be uncoupled in an impeded
system, suggesting that there is a unique signal
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leading to the production of short, thick roots.
Alternatively, the radial swelling of roots might
be a secondary response to reduced longitudinal

owth through a re-orientation of cell wall micro-
fbrils to a more vertical pitch."® The mech-
anisms leading to this gross morphological change
arc only likely to be clucidated through a union
of hormone physiology, cell wall ultrastructural
studies and water relatons. Recently developed
Arabidopsis mutants which have naturally radially
thickened roots might be uscful in these experi-
ments.

The genceral view that roots thicken in response
to mechanical impedance depends on the dimen-
sions of the soil-root system. While major root
axes (e.g. seminal roots) thicken in a compressible
matrix where pores are too small for root pen-
etration, there is a large number of finer lateral
roots capable of penetrating soil pores of 0.1~
0.5 mm diameter. Goss™ manipulated the size of
glass ballotini o show that primary laterals of
barley were able to enter relatively fine pores
(160 um diameter). This observation underlies a
paradox in root response to mechanical imped-
ance. Roots which are 100 thick to find a tortuous
path between packed soil particles are likely to
find an easier passage through the soil by expand-
ing radially and filling the soil axially. However,
thuse roots fine enough o penetrate the soil pores
will not improve their passage through the soil
by thickening and might indced hinder it. The
suitability of wheat 10 ‘non-tilled soil'™ might
owe more to this phcnomenon than che pressures
generated by root apices. Anatomical studics on
the capacity of lateral root tissucs to alter cell
shape in response to impedance are called for.

I[n major root axes where the root cortex thick-
ens in response to mechanical impedance, the
stele is often unresponsive.**/4* The main evi-
dence to the contrary comes from WiLson et al,'’®
who showed that barley roots grown in ballotini
had altered cortical and stelar dimensions, with
the diameter of the stele being greater in the ter-
minal 4 cm of the impeded roots. These data arc
based on distance from the apex, however, and
therefore do not consider cffects of tissue age.
Benniat'® also quotes a case of altered stelar
dimensions in three crop species during imped-
ance of the roots; together with the data of WiLsoN
et o™ this suggests a need for further inves-
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tigation. ScHOLEFIELD and HaLL*! ingeniously
grew ryegrass roows through rigid pores of known
dimensions and found thart the ability to penetrate
pores depended on the size of the root cap and
stele rather than the diameter of the endre root.
Whether the size of the roort tip dictates the pore
size through which roots grow,”* or the stele, is
not certain. However, the experiment docs show
that roots can grow through rigid pores without
anincreasc in diameter of the stele. Itisinteresting
to note that mature cereal rootsin the field slough
off the cortex in response to ageing™™ or drought
(unpublished data). One role of the cortex in
immature root tissucs might be to generate radial
pressurcs and thereby create a pathway for raot
growth. The cortex would, from this point of view,
become superfluous after root maturadon.

The radial thickening of cortical cells is there-
fore probably a rargeted response, leading to the
yielding of the radial and tangential cell walls.
The increase in cortical thickness is at least in
part the result of greater cell diameters. ™33+
However, this increase in cortical cell diameters
is often compensated (or by shortening of the long
axis of cells, resulting in an unchanged' or
slightly reduced® cortical cell volume in impeded
roots. The inverse relationship between ccell
length and breadth is illustrated in the data of
Eavis,** although cell dimensions were not deter-
mined directdly and unconfirmed assumptions
were made about cell file numbers.

There is more information on the shape of
differentiated cells than the rate of production of
new cells by impeded roots. The physics of root
growth suggests that the cclls of the rot meristem
might be reladvely protected from mechanical
pressure, therefore implying that cell division
responds less to mechanical impedance than cell
expansion. There is some evidence to support this
view. SCHUURMAN ¢t al.®% claim that the aumber
of cells was not reduced by impedance while cell
length was reduced. It is not clear whether both
the number of cell files and total cell numbers
were equally insensitive to impedance. Eavisi*?
showed a modest drop in the number of vacuo-
lated cclls in response to soil strength but no sig-
nificant change in the number of non-vacuolated
(meristematic?) cells. The latter might simply
suggcst that there were more inactive, non-vacuo-
lated cells in the impeded roots. The indirect
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methods of estimating cell dimensions™’ limit the
interpretation of the data. From the values given,
it can be shown that an impedance of c2 34 g wt
resulted in a reduction of ca 409, in both number
and length of vacuolated cells.. This implies a
potent effect of mechanical impedance on cell
production and clongation. However, the abrupt
confrontation of the pea root with a mechanical
resistance and the short duration of the treatment
(24 hr) compared with the cell cycle of at least
12 hr'**' calls for a similar test over a long period
of steady-state impedance. In the studics of Bar-
tey'® and ATwerL® the reduction in root elon-
gation rate was approximatcly maiched by the
reduction in longitudinal cell length, suggesting
that there was little cflcer of mechanical imped-
ancc on the number of transverse cell divisions.
The cvidence for an increase in the numbcr of
cortical cell files'*” in mechanically impeded
roots suggests that any decrease in the flux of cells
into individual files might be compensaied for by
a small increase in the number of cell files. In
roots of lupin, however, there was no increase in
cortical cell file number.”" It is proposed that
the meristem and process of cell prolifcration are
more affccted by signal wransduction in the root
(from the zone of elongation perhaps) than by
a dircct effect of physical pressure. The lag in
recavery from mechanical impedance™ indicates
that the meristem is suppressed for davs aiter
impedance, cither through changes within the
apex or signal transduction from other tissucs.
Much morc work is needed to put this issuc on
solid ground.

4.2. Plant growth regulators

Afler somc vears of speculation that cthylene
mediates the swelling of mechanically impeded
roots. Kavs el al.*' reporied that lids roots
cvolved ethylcne at about six times the control
rate when they grew against a mechanical barrier.
They cautiously suggested that cthylene was a
growth factor in mechanically impeded roots,
causing radial thickening of the root axes, This
view was reinforced by thc observation that
restricted ¢picotyls of pea also thickened and
evolved ethylene at an increased rate.”! This led
to continuing speculation that ethylene, and pos-
sibly auxin,”™ were responsible for the gross mor-
phological changes seen in impeded plant roots.

The issue remained in abeyance undl the late
1980s when WHALEN, " Moss ef al.®? and Sar-
QuIs ¢f al.‘® published on the rolc of ethylene in
regulating the morphology of mechanically
impeded roots. WHALEN"? grew roots against a
barrier, imposing a brief period of axial resistance

- on them. Why the rates of ethylene cvolution did

not rise transicntly in responsc to this, asit did in
Kavs ¢ al’s"" experiment, is not clear. 1t would
need to be established that the oxygen status of
the chambers was adequate before the ¢thylenc
evolution could be ascribed directly to mech-
anical impedance. Accumulation of the ethylcne
precursor, ACC, is reminiscent of a block in its
conversion (o cthylene by anoxia. Furthermore,
the rise in cthylenc production brought about ar
the moment of contact with the barrier might
have been transient for cach individual root axis
and difficult 10 quantify.

Moss ¢f al."**' used inhibitors of ethylenc action
and synthesis to manipulate endogenous eth-
ylene produced during mechanical impedancc.
They found that maize responded 10 the packed
matrix of ballotini by growing shorter, thicker
roots and evolving cthvlene faster. Similar root
morphology could be induced by supplying
cxogenous ethylene. However, the addition of 2,5-
norbornadiene. a volatile inhibitor of ethylene
action, reversed the cfiect of exngenous ethyvlenc
by making roots longer and thinner but did not
aflect the dimensions of mechanically impeded
roots. The same unexpected result was obsened
when  aminoethoxyvinvlglycine (AVG) was
added w inhibit ethvlene synthesis. These data,
together with the boost in endogenous ethylene
production gfler the onsct of root morphological
changes, suggest that cthylcne was not the causal
factor in roor thickening. SARQUIS ¢f al."™ found a
verv different result. Ethvlenc evolution increased
rapidly with the onsct of mechanical impedance
imposed on maize scedlings in a triaxial cell. The
removal of impedance causcd a decrease in ethyl-
cnc evoluuon. This showed thar endogenous
ethyvlenc could be produced in a sufficiently
responsive manner to trigger the morphological
responscs to impedance. A range of inhibitors of
cthylene action and synthesis were tested 10 find
a combination which was successful in reversing
the morphological effects of mcchanical imped-
ance on roots and coleoptiles (decreased elon-
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gation and radial expansion). It is unclear why

these data diverge so strikingly from those of Moss
o al.®® The modest success of AVG and silver
thiosulphate in reversing the morphological
cffects of mechanical impedance,® while 2,5-
norbomadiene and AVG alone failed to do so,*?
can best be ascribed to the characteristics of the
differentinhibitors, Rates of penetration of inhibi-
tors are always a poteatial problem and the par-
ticular success of AVG and silver thiosulphate
combined suggcst thac they were able to block the
cfects of cthylene before any cytological changes
were set in train. The [onger term nature of
the experiment by Moss & al"*¥ might have
allowed other plant growth regulators, such as
auxin, to begin 10 excrt an effect. Auxin has been
considered as an agentin altering the morphology
of mechanically impeded roots,* either through
a direct effect or via a secondary stimulation of
ethylene synchesis.®* If ethylene were to be ruled
out as an agenc in root thickening, it would have
to be confirmed that both wound ethylene and
auxin-induced cthylene are susceptible to inters
ference by 2,5-norbornadienc and AVG.

The levels of plant growth regulators. have
not been thoroughly measured in mechanically
impeded roots. Lacawo # al."*? and Moss et al."*?
found that abscisic acid did not increase in mech-
anically impeded roots of maize. ATWELL and
HensoN (unpublished data) found a decrease of
40-70°, in the abscisic acid level of 5 mm lupin
root apices after a long period of mechanical
impedance. This weakens the case for abscisic
acid as an agent in che response of roots to mech-
anical impedance, although low concentrations
ofabscisic acid might be expected in slow-growing
roos, %

4.3. Acsimilate import and utilization

The metabolism of impeded roots is a subject
which deserves more attendon but is, to date,
largely uncxplored. There are two principal
reasons for investigating this issue. Firstly, the
generation of osmotic (therefore turgor) pressure
for growth against strong soil relics on the depo-
sition of high concentrations of solutes, a large
proportion being small organic molecules such as
sugars.’¥ While the magnitude of the wall
pressure, and hence the rheological properties of
the ccll walls, arc no doubt important deter-
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minants of root growth pressure, it is also critical
for the clongating tissue to import osmotc solutes
continuously as a source of turgor pressure.®”’

Secondly, the use of assimilates by roots in com-
pacted soil is relevant to the overall carbon econ-
omy of the plant because roots are a major sink
for assimilates early in crop development.™* If
large amounts of assimilates are required for roots
to penetrate strong soils, there is potential for a
commensurate down-regulation of shoot growth.,

The only reports of the assimilate levels in freely
growing vs restricted roots show thar the carbo-
hydrate levels increased in response to increasing
impedance. Although Barner and Gunn® did
not tightly pack the ballotini through which their
roots grew, the carbohydrate levels were at least
207, grcarer in the entire root system. The differ-
ences might have been greater near the apices.
ATwELL ™ took wheat roots from ficld sites which
had been looscned mechanically or remained
compacted. The soluble sugar concentradions
were always higher in tissues of the same age
when clongation was mechanically i npeded. The
reverse was truc for soluble amino acids. Masce
et al.* also grew seedlings of wheat in compacted
and loose soil, showing large increases in soluble
sugar concentrations in roots which were mech-
anically impeded. Therefore, sugars accumulate
generally in response to soil compaction and thereby
contribute to turgor pressure.””’ The cost of
this increasc in soluble sugars appears to be less
rapid expansion rates,** providing the conditions
for solute build-up. There is a strong case to look
at assimilate import into root growing zones in
relation to growth, in a similar way to thac in
droughted roots.”® The characteristic swelling of
impeded roots would provide an interesting com-
parison with the thinner roots produced dunng
water deficits.

The metabolism and growth of roots which are
mechanically impeded are greauy pecturbed. This
is supported by "*C transport and carbon budgcts
on wheat seedlings in the field.” One day after
labelled carbon was applied to the shoots, the
label was concentrated in the terminal | cm of the
unimpeded seminal roots, while slower growing
impeded roots had label more evenly distributed
throughout the terminal 5 ¢cm. Furthermore, the
total amount of label reaching the apices of un-
impeded roots was three-fold greater than in roots
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from compact soil.”? The rapid growth of un-
impeded seminal roots (1.78 vs 0.60 cm/day) was
presumably responsible for the rapid assimilate
import by the growing cells. Respiration rates
were also elevated in these fast-growing | cm
apices.””” However, when the growth rates of root
axes were taken into account, a unit length
increase in impeded roots required about twice as
much carbon as the same extcnsion of an unim-
peded axis.”) This cstimate is necessarily approxi-
mate but serves to illustrate the perturbation in
carbon metabolism which mechanical impedance
brings about. There appcars to be a reduced sink
strength (demand for assimilates) in impeded
roots" rather than an increased allocation of
assimilates into osmotic pools.'” One could specu-
late that the major response of roots to mechanical
impedance is a radial swclling brought abour by
differential loosening of cell walls, rather than a
large re-direction of assimilaies into osmotic pools
by active transport. It might be thar solute im-
port into growing apiccs cannot be further dere-
pressed in response to mechanical impedance and
therefore osmotic adjustment is only achieved by
a decrease in growth rate."*’ Studies of local
solute deposition will help resolve this as it did in
the case of droughted maize roots, where solute
build-up was shown 10 be partly duc to changes
in tissue expansion rates. ¥

Theamountof carbon exuded by roots growing
in compacted soils has been the subject of much
speculation but the issue remains largely uncon-
taminated by facts. While carbon exudation
increases in somc cases (¢.g. cereals in sterile bal-
lotini beads)™ and not others (wheat roots in
packed soil),'” there arc difficulties in cstablishing
the phenomenon in the field, where it is of most
ecological and agricultural interest. The cstab-
lishment of myvcorrhizal associations and com-
petition with developing shoots for carbon are
two such issues of intcrest. The technical problems
arise prindpally from an inability to separatc the
metabolism of exudates by rhizosphere microflora
from carbohydrate mewabolism in the root;
respired carbon can be derived from cither source.
Sterile systems help overcome this issue'® but
migh still be confounded by spurious estimates
of root respiration.®® No darta are available on
the influence of soil strength on rhizosphere
microbiology, or how the microflora, in turn,
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influence root growth and function under these
conditions.

The carbon mctabolism of shoots of plants with
mechanically impeded roots has received Jitde
direct attention; some of the puossible causes for
decrcased shoot growth are outlined by MasLE
and Passioura,“®’ among them the deprivation
of carbohydrates to the developing Jeaves as roots
corpetc for assimilates. Indeed, the greater root:
shool ratio sometimes rcported in mechanically
impeded wheat seedlings is consistent with this
notion.™ However, it appears that young seed-
lings have a complex series of responses to strong
soils such as reduced transpiration and increased
photosynthetic capacity.) The result is that
sufficient assimilates rcach the roots™® and
shoots®*" of plants growing in strong soil, thereby
establishing a new shoot—root equilibrium appro-
priate to the diminished function of the roots.
Masce ¢ al.“” showed that both shoot and root
tissues of wheat seedlings grown in compacted soil
were richer in carbohydrates than tssues from
loose soil. This rclationship was independent of
the ambient CO, level and photosynthetic rate.
This indicates that thc rate of growth was con-
trolled by factors other than assimilation rate. A
modulatian of shoot growth in response to dimin-
ished root growth has also been identified when
rooting volume was restricted while water and
nutrient Jevels were high.“*® Under normal field
conditions, there is an increased allocation of car-
bon to shoots as the cereal plant matures.™ It is
not clear in the case of mechanical impedance
whether this shift in resource allocation to shoots
can be sustained by the compromised root system.
An increasing likelihood of drought is onc possible
consequence of the ontogenetic shift in carbon
allocation, particularly if total transpiration con-
tinues to increasc over time. However, the respon-
siveness of shoot growth™%*: and watcr-use
cfficiency® to mechanical impedance imposed
on seedlings suggests that the physiology and
development of the wholc plant might be well
adapted to strong soils.”’® This needs to be tested
in longer term cxperiments.

5. GENETIC VARIATION IN THE
RESPONSE TO MECHANICAL IMPEDANCE

TavLor and GARDNER'®' looked at the ability
of roots to penetrate soils, based on the root
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dimensions. This was extended to a2 number of
classical studies on the ability of roots, par-
ticularly of cotton and peanuts, to penctrate hard
50il® (cf. Fig. 2). Therc were marked differcnces
between these two species in the root elongaton
rate and root growth pressures generated.’”
However the capacity of roots 10 grow through
strong soils relative to loose soils might vary more
with differences in the number of root axes (mon-
ocots vs dicots) than intrinsic propertes of indi-
vidual axes.'*

While it is appreciated that root dimensions,
especially radial thickening, play a major role in
determining the pressure exerted by roots in a
densely packed matrix, this has not been widely
exploited in interspecific comparisons. A recent
survey of eight monocot and 14 dicot species by
MATERECHERA ¢ al.*” showed a grcat dcal of
interspecific variadon in root diameters with an
impressive correlation between the ability to
clongare in hard soil and root thickness. Fur-
thermore, the tendency of roots to swell in
response to mechanical impedance also correlated
with capacity to elongate in strong soils. This
illustrates the power of simple measurements like
root diameter in understanding mechanisms and
providing manageable sclection criteria, in this
case for ability to penetrate strong soils. Similar
screening experiments in solutions of high osmotic
pressure might even lead us to useful species
rankings for tolerance to soil strength.™”

A survey of the osmotic pressure of root apices
along these lines would be salutary and with
modern osmometers, reladvely simple. Early
studiesV show that the differcnce between specics
might be in the order of 0.2-0.3 MPa which is
a readily detcctable difference. This approach gives
only onc variable in the growth analysis. The
threshold pressure at which cell walls begin to
yield to turgor pressure® remains a major
unknown in the growth equation. Threshold tur-
gor pressure can only be determined in a more
comprehensive experiment in which P and o [see
Equation (2)] have been measured over a wide
range of soil strengths. " This is beyond the scope
of a simple screening, but might be of interest in
cases where theory predicts differences in both
wall vielding propertics and turgor pressure. For
simplicity, the values of osmotic pressure might
be easier 10 inrerpret if measured in unimpeded
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roots because increases in osmotic pressure by
mechanical impedance would not be confounded
by differential rates of volume expansion in vari-
ous genorypes (sec ATWELL)."" Screening simply
for osmotic pressure under optimal conditions
(reflecting import of solutes) is more likely to give
heritable diiferences in tolerance to mechanical
impedance.

Shoot growth and yicld components are also
susceptble to the effects of s0il compaction. A
genetic analysis would be most profitable by com-
paring culdvars, as has been attempted for dry
beans ( Phaseolus sulgaris L.).* However, it is still
not known how much intraspecific genetic vari-
ation exists for roof characters which determine
tolerance to mechanical impedance (root diam-
¢ter, root hair formation?). Varations in shoot
response to mechanical impedance are more
likely to be the consequence of selecton pressure
on root characters than a reflection of direct selec-
tion pressure on genes coding for shoot characeers.
Indeed, the cffects of no-tillage on shoot devel-
opment in wheat are probably a consequence of
cultivar differences expressed early in seedling
development.''® These differences were estab-
lished dunng the period of rapid root growth.
Thercfore, in spite of the difficulty of extracting
roots from soil, the screening of seedling root
characters should logically precede aetailed gen-
ctic studies on the shoots.

6. CONCLUDING REMARKS

Root growth through strong soils is necessarily
inaccessible; this has led to a paucity of direct
observations and a great deal of experimentation
in artficial soil systems and ballotini. This
approach has been vindicated because we are
now quite confident that roots penetrate hard
soils by a combination of cylindrical stress and
axial extension. This mechanism is founded in
impeccable physics and contrasts with the axial
resistance estimated from blunt, steel probes. The
cnergy saving embodied in this mechanism of root
growth is further improved by low root-soil [ric-
ton and compression of the growth zone during
impedance. Roots have evolved 10 be soph-
istcated biological probes. However, in spite of
the subtlery of root behaviour in hard soils, pen-
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ctrometer probes give generally good estimates of
soil strength. '

Root metabolism is radically altered by imped-
ance; cortical cells swell radially, ethviene is syn-
thesized and osmotic solutes accumulate in the
root apices. The anatomical changes have been
tentatively linked to ethvlene release and might
be considered adaptive because they mitigate the
cffects of axial resistance on growth. Other
changes are still being evaluated; for example, the
growth physiology is stll hampered by a lack of
knowledge of cell wall properties and import of
osmotic solutes (solute deposition rates). Equally,
the role of plant growth rcgulators is not well
described and is currently at a stalemate where
the pre-eminent molecule, ethylene, is concerned.
[1 is little wonder that we know so little about
the patiern of shoot development imposed by
impeded root systems. Understanding the sig-
nalling process is another challenge for the bur-
geoning science of root-shoot communication.'™
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DRYING, CRACKING, AND SUBSIDENCE OF A CLAY SOIL IN A
LYSIMETER

J. J. B. BRONSWNIK®

The relation between changes in water
content and swelling and shrinkage proc-
esses was studied by exposing an undis-
turbed heavy clay soil in a lysimeter to
evaporation at controlled conditions in the
laboratory during a period of 82 days.
Changes in water content were measured
with tensiometers and by weighing the lys-
imeter. Swelling and shrinkage were de-
" termined by measuring the surface subsid-
ence. The loss of water from the clay soil
amounted to 45 mm, 40% less than the loss
of water from a comparable silty soil lysi-
meter. Drying of the clay soil was re-
stricted to the top I5 em of the soil. As
much as 67% of the water loss originated
from the top 7.5 cm of the soil. Simulta-
neous shrinkage in the'clay soil resulted
in a three-dimensional decrease in volume
of 34 mm, consisting of a crack volume
of 22 mm and a surface subsidence of 12
- mm. The clay soil exhibited the successive
occurrence of structural shrinkage, iso-
tropic normal shrinkage, isotropic residual
shrinkage, and isotropic normal shrinkage
again. The occurrence of normal and resid-
ual shrinkage could be predicted by the
water content changes in the soil and the
shrinkage cbaracteristics of soil aggre-
gates. Water loss in the structural shrink-
age phase occurred from interaggregate
pores and could therefore only be qualified
from the lysimeter experiment.

Due to the presence of clay minerals, the
volume of soil aggregates in clay soils changes
as water content changes. In dry periods, the
volumes of individual aggregegates decrease,
which in the field becomes visible as shrinkage

cracks and surface subsidence. In wet periods,.

swelling causes crack closure and upward move-
ment of the soil surface. The physical behavior
of clay soils and their potential for agricultural
production are determined by this alternating
swelling and shrinkage.

! The Winand Staring Centre for Integrated Land,
Soil, and Water Research, P.O. Box 125, 6700 AC
. Wageningen, The Netherlands.
Received April 3, 1990; accepted Oct. 18, 1990.

When cracks are closed, infiltration of water
into the soil is very slow, and ponding and
surface runoff are likely to occur. In such a
situation, crop growth may be hampered by O,
deficiency, and pasture may be destroyed by
cattie hoofs. With respect to environmental con-
sequences, the application of liquid manure in
such periods may lead to rapid transport of
pollutants to surface waters by runoff.

After a dry period the soil will be cracked,
resulting in high potential infiltration rates and
storage capacities. Cap:ilary rise irom the water
table and evapotranspiration may then be ham-
pered by low hydraulic conductivities. Resuiting
water shortage is enhacced by dypass flow: part
of the precipitation flows through shrinkage
cracks to subsoil layers, thus bypassing the rel-
atively dry root zone..This process again has
some important environmental effects. Pollu-
tants may rapidly reach the water table or, when
pipe drainage has been installed, travel through
these drains to surface waters again,

Understanding and predicting transport proc-
esses in swelling clay soils require knowledge of
the dynamic process of soil cracking and surface
subsidence. Therefore, the relation between
drying and shrinkage is of great importance.

Haines (1923} and Keen (1931) defined three

shrinkage phases:
Normal shrinkage: the decrease in volume
of clay aggregates is equal to the loss of
water, the aggregates remain fully satura-
ted; Residual shrinkage: upon drying the
volume of the aggregates still decreases, but
the loss of water is greater than the decrease
in volume; air enters the pores of the aggre-
gates; Zero shrinkage: the soil particles bave
reached their densest configuration; upon
further water extraction, the volume of ag-
gregates remains constant; the loss of water
is equal to the increase in air volume in the

aggregates.

In the field, sometimes a fourth shrinkage
phase, preceding the three mentioned above, can
be distinguished: structural shrinkage (Stirk
1954). Structura) shrinkage occurs in very wet
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DRYING, CRACKING, AND

soils. When such soils dry, either by evaporation
or drainage, large water-filled pores may be emp-
tied. As a result, aggregates can get a somewhat
denser packing. On the whole, the changes in
volume in this shrinkage phase are negligible,
but the loss of water can be considerable.

Studies on the relation between water content
and swelling and shrinkage have been carried
out on aggregates (e.g., Grossman et al. 1968,
Franzmeier and Ross 1968, Reeve & Hall 1978,
Reeve et al. 1980, and Bronswijk and Evers-
Vermeer 1990), small cores (e.g., Perroux et al.
1974, Berndt and Coughlan 1977, and Yule and
Ritchie 1980a), large cores (Yule and Ritchie
1980b), and in the field (Aitchison and Holmes
1953, Jamison and Thompson 1967, Yaalon and
Kalmar 1972, Yaalon and Kalmar 1984, Hallaire
1984, and Bronswijk, in preparation).? Different
problems inhibit the analysis of the relation
between changes in water content and changes
in volume. Studies on aggregates and small cores
generally do not yield the magnitude of water
loss in the structural shrinkage phase because
structural shrinkage is strongly dependent on
soil structure, and therefore large samples are
required. Furthermore, the lcad of upper soil
layers may influence the geometry of swelling
and shrinkage in the field, and this effect is not
taken into account when dealing with aggregates
or small cores taken out of the field into the
laboratory. In large cores and field situations,
on the other hand, changes in volume are diffi-
cult to determine. Moreover, measuring water
contents is difficult. Of the latter two, large cores
have the advantage that they resemble a field
situation and that the water balance can be
determined rather accurately in a well-con-
trolled laboratory environment.

The objective of this research was to predict
the shrinkage of ¢ clay soil from water content
changes in the soil and easily measured pbysical
properties of soil aggregates. Because of the
advantages mentioned above, a lysimeter exper-
iment was conducted. The undisturbed heavy
clay soil inside the lysimeter was subjected to
evaporation in the laboratory during a period of
82 days. During drying of the soil, the various
terms of the water balance were determined
together with surface subsidence and crack vol-

1J. 1. B. Bronswijk, 1991, The relation between
vertical soil movements and water content changes in
swelling clay soils, submitted to Soil Sci. Soc. Am. J.
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umes. In order to explain the observed phenom-
ena in the clay soil in the fysimeter, water reten-
tion curves and shrinkage characteristics were
determined using soil aggregates.

METHODS AND MATERIALS

Soil type

The investigated Bruchem heavy clay soil
originates from the nver district in the central
part of the Netherlands. The soil is classified as
a typic Fluvaquent, very fine clayey, mixed, il-
litic-montmorillonitic mesic (Soil Survey Staff
1975). Its clay content ranges from 52 to 69%.
The soil was in use as pasture.

Soil aggregates

In the early spring of 1985, when the soil was
saturated, seven natural aggregates of about 25
cm® were taken from each 20-cm layer of the
soil at the sampling site. To ensure their com-
plete saturation, the aggregates were placed on
a saturated sand bed for another 2 weeks. From
the seven aggregates per soil layer, three aggre-
gates were used to determine water retention
curves on a sand box and with pressure mem-
brane apparatus. One aggregate was used to
determine the density of the solid phase. The
remaining three aggregates were used to deter-
mine shrinkage characteristics by immersing the
aggregates briefly in Saran F310 Resin (resin to
solvent ratio 1:5 by weight). The applied Saran
coating is impermeable to water but permeable
to water vapor (Brasher et al. 1966). The coated
aggregates were dried in the laboratory. When
the aggregates dry, the elastic coating remains
tightly fitted around the aggregates. By weighing
and water displacement, both volumes and
weights of the aggregates were determined at
different stages of drying. After about 3 weeks,
weight losses became negligible, and the resin-
coated aggregates were dried in the oven at
103°C in order to measure their final dry vol-
umes and dry weights. Void ratios (i.e., volume
at pores divided by volume of solids) and mois-
ture ratios (i.e., volume of water divided by
volume of solids) were calculated, using the
measured values of density of solid phase.

Lysimeter

One large undisturbed soil core was sampied
in the field in early spring when the soil was
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saturated. The height of the empty PVC core
was 70 ¢cm and the diameter 27.6 cm. The top
20 em of the s0il had been removed to eliminate
the possible influence of grass roats on soil
shrinkage. With a hydraulic pump and a cutting
edge, the empty core was carefully pushed 60 ¢cm
into the s0il, and dug out. Subsidence of the soil
surfece in the column during sampling was neg-
ligible. Thus, the upper 10 cm of the core re-
mained empty, and the lower 60 cmm was filled
with undisturbed soil from a depth of 20 to 80
cm.

In the.laboratory, the core was placed on a
sand base containing a drainage system, aliow-
ing water to flow into and out of the bottom of
the lysimeter (Fig. 1). By using a Mariotte bottle
set-up, the ground water Jeve] was kept constant
at 55 cm below the soil surface during the ex-
periment. The soil surface was kept bare. In the
present experimental set-up, the water balance
of the clay soil over a certain time interval reads:
AW = E - B, in which AW ie the decrease in
water storage in the soil (mm, decrease is posi-
tive), B is the cumulative flow of water through
the bottom of the lysimeter (mm, positive up-
wards), and E is the cumulative actual evapo-
ration (mm, positive). Variable B was measured
by weighing the Mariotte bottle. The vaiue AW
was determined by weighing the whole lysime-
ter, and E was calculated from the difference of
B and AW. Ceramic cup tensiometers were in-
stalled at 3, 12, 22, 32, and 42 cm below the soil
surface. The tensiometers were inserted through

oval-shaped holes (2-cm height) in the lysimeter
wall Thus, tensiometers could freely move
downward as the soil shrank. Tensiometers were
recordsd automatically, using 8 five-way valve,
a pressure transducer, and a recorder. The av-
erage surface subsidence of the soil in the lysi-
meter was measured using nine thin needles that
were lowered every other day onto the soil sur-
face at varying, randomly selected positions.

After 36 days of drying, the decrease in water
storage in the soil became negligible. The poten-
tial évaporation demand was then increased us-
ing ventilators. The experiment was stopped
after the tensiometer at a depth of 12 cm had
exceeded its air-entry value. At that time, the
experiment had lasted 82 days.

An estimation of crack volume in the lysime-
ter was made at the start and the end of the
experiment as follows. At the time of taking the
soil core in the field, four samples in rings of 30-
cm diameter X 5-cm height were taken at five
depths in the surroundings of the sampling site
of the lysimeter. Aggregate bulk density, derived
from the shrinkage characteristics, was com-
pared with ring-sample bulk density. Interaggre-
gate porosity could thus be calculated. After
concluding the lysimeter experiment, the inter-
aggregate porosity was determined inside the
lysimeter itself, again by comparing aggregate
bulk density with soil bulk density.

Final gravimetric water contents in the lysi-
meter were determined, as well as distribution
of the weight of the solid phase in the column.

r__
F1c. 1. Setup of the experi-
ment.
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During the experiment, a similar experiment
was conducted with an artificially packed soil
column ifi order to compare the water balances
of the two soil types. This “Blokzijl silt” consists
of 85% silt, 3% clay, and 12% sand.

Data processing

Tensiometers at 3, 12, 22, 32, and 42 cm below
soil surface were considered to represent the soil
layers of 0-7.5 (layer 1), 7.5-17 (Jayer 2), 17-27
(layer 3), 27-37 (layer 4), and 37-50 (layer 5)
cm deep, respectively. The measured pressure
heads in the lysimeter were converted into gra-
vimetric water contents using the water reten-
tion curve determined on aggregates. Because
the weight of the solid phase of each layer was
determined, the total water storage in each layer
could be calculated. Due to rapid drying of the
topsoil, the tensiometer at 3-cm depth passed
its air-entry value rather quickly, i.e., after 9
days. From then on, the water contents of layer
1 were calculated by subtracting the calculated
cumulative changes in water storage of layers 2
to 5 from the measured change in water storage
of the whole lysimeter (column weights).

Bronswijk (1990) concluded that shrinkage at
natural loads occurring in Bruchem heavy clay
soil was isatropic. Therefore, the measured one-
dimensional soil surface subsidence of the soil
was converted into a three-dimensional decrease
in soil matrix volume and into crack volume by

_using the following equations (Bronswijk 1989):

Av={1—(1-ﬁ)}v ()

Vo=aV-24z (2)
with
1’4 = volume (m?) of soil matrix at sat-
uration,
P = layer thickness (m) of soil matrix
at saturation, \

AV, Az= decrease in volume of soil matriz
(m?®) and layer thickness (m), re-
spectively, a3 a result of shrinkage
(both positive), and

Ver = change in crack volume (m®).

The calculated change in crack volume of the -

s0il, computed with Eq. (2), was compared with
the measured value obtained with the core sfm—
pling method outlined before.

RESULTS AND DISCUSSION

Aggregates

The shrinkage characteristic of the soil aggre-
gates is shown in Fig. 2A. The measured shrink-
age characteristic shows the three classical
shrinkage phases: normal shrinkage from » =
1.15 to 0.5, residual shrinkage from » = 0.5 to
0.18, and zero shrinkage from » = 0.18 to 0. The
water retention curve is pictured in Fig. 2B. As
is common in beavy clay soils, the water reten-
tion curve shows a very steep decreage in pres-
sure head with decrzasing water content. The
greater and most important part of the shrink-
age process in the considered soil can be re-
garded as normal shrinkage, Th= whole pressure
head raoge in which water uptake by piant rooes --

1.5
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F1G. 2. Physical properties of the clay soil used in
the expériment: A, shrinkage characteristic of soil
aggregates; and B, water retention curve.
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‘takes place lies within the normal shrinkage
phase. .

Lysimeter
The water balance of the clay soil is depicted
in Fig..3A. During the first 10 days of the exper-
iment, the initially high evaporstion tate de-
creased gradually until a more or less constant
rate of 0.76 mm/day was reached. From day 36
on, when the potential evaporation demand was
increased by ventilators, the evaporation rate
was equal to about 0.83 mm/day. The upward
flow through the bottom of the clay-soil lysi-
meter quickly became constant at a rate of about
0.37 mm/day. The water storage in the clay soil
. decreased rapidly during the first 156 days.
Thereafter, the evaporation became equal to the
“upward flow through the bottom of the lysime-
ter, so the water storage did not decrease any-
more. After the potential evaporation demand
‘had been increased at day 36, the evaporation
rate increased, the upward flow of water through
the bottom remained unaltered, and therefore
the water storage in the soil decreased again. No
equilibrium situation was attained again before
the experiment was concluded. The cumulative
- evaporation of the Bruchem heavy clay soil was
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FIG. 3. Measured water balances of a Jysimeter: A,

with Bruchem heavy clay, and B, with Blokzijl silt.

" The potential evaporation was the same for both lys-
imeters.
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F1G6. 4. Drying of Bruchem heavy clay at various
depths: A, messured pressure head values (cm), and
B, water contents. The water contents of lsyers 2-5
were derived from measured pressure head values and
the water retention curve. The water content of layer
1 was calculated from the difference of the column
weight and the water contents of layers 2-5.

about 65%, the cumulative upward flow about
73%, and the decreass in water storage 58% of
the values of Blokzijl silt (Fig. 3).

The measured pressure head values in the clay
soil showed & rapid decrease for the top tensiom-
eter at 3-cm depth (Fig. 4A). The air-entry value
of this tensiometer was already reached at day
9, due to the steepness of the water retention
curve (Fig. 2B). The second tensiometer at 12-
cm depth showed a gradual decrease in pressure
head over the whole measuring period of 28 days.
Thiz indicates that, while the column weight
implicated a steady state around day 30, the soil
around the second tensiometer was still drying
out, and therefore water inside the core was still
redistributing. The tensiometers at depths of 22,
32, and 42 cm showed only very little drying.
The water contents of the various layers of the
clay soil are pictured in Figure 4B. The course
of the gravimetric water content of layer 1 (0-
7.5 cm) clearly reflected the two different evap-
oration regimes. The water content of this layer
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reached a constant value of about 0.25 around
day 22. When the potential evaporation demand
was increased, the water content rapidly de-
creased, down to 0.15 at the end of the expen-
ment. Only after about 50 days did the three
lower soil layers begin to lose water. In Fig. 5,
water content profiles at various times during
the experiment are compared. At the end of the
experiment, a very steep water content profile
had developed with extreme water content gra-
dients in the upper 10 cm of the soil profile.
From Fig. 5 it follows that the directly measured
gravimetric water content at the end of the
experiment agreed well with the water content
profile derived from pressure head values. This
supported the method of using tensiometers and
a water retention curve to derive gravimetric
water contents for the clay soil in the lysimeter.
The loss of water in the Bruchem heavy clay
soil occurred mainly in the upper 15 cm of the
soil, with 67% of the water loss originating from
the upper 7.5 cm of the soil. The large gradients
in the water content profile reflect the formation
of a dry surface soil with low hydraulic conduc-
tivities on top of a relatively wet subsoil.

Due to the drying process described above, the
clay soil cracked, and the surface subsided. The
first 4 days, the measured surface subsidence in
the clay-soil lysimeter was practicaily zero (Fig.
6). Thereafter, surface subsidence started. The
subsidence rate was large in the beginning of
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F1c. 5. Gravimetric water content profiles at var-
ious times during drying of Bruchem heavy clay soil.
ARter conclusion of the experiment, the water content
of the soil in the lysimeter was determined. These
directly measured values are presented in the figure
as well Finally, the water contents where residual
shrinkage and zero start according to the shrinkage
characteristic (Fig. 2A) are indicated with a |.
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F16. 6. Shrinkage of Bruchem heavy clay in a lys-
imeter upon drying. Surface subsidence was directly
weasured. Three-dimensional volume decrease and
crack volume were derived according to Eqa. (1) and
(2). A measured value of crack volume at the end of
the experiment is indicated as well.

the experiment and became almost zero around
day 25. After increasing the potential evapora-
tion demand (day 36), the surface subsidence
rate increased again. Cumulative subsidence
amounted to 12.4 mm. Crack volume (expressed
per unit area) increased by 21.7 mm, and three-
dimensional shrinkage of the soil matrix
equalled 34.1 mm. The directly measured change
in crack volume at the conclusion of the exper-
iment ggreed well with the values derived from
surface subsidence measurements.

In Fig. 7, the three-dimensional change in
volume of the clay soil matrix, AV, is compared
with the measured change in water storage, JW.
The first 4 days, water storage in the soil de-
creased rapidly, while shrinkage of the soil was
still very smail. From day 4 to day 35 the de-
crease in water storage was about equal to the
shrinkage rate of the soil. After the higher po-
tential evaporation demand had been estab-
lished at day 36, the decrease in water storage
was again higher than shrinkage until day 70.

Around that time, the decrease in water stor-
age in the soil equalled the shrinkage rate once
again. This apparently strange behavior can be
explained by looking at the drying front in the
soil and at the shrinkage characteristic of the
soil aggregates, as will ba discussed in the next
section.

Comparison between behavior of soil aggregates
and soil in lysimeter

According to the shrinkage characteristics of
the soil aggregates, we would expect normal
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F16. 7. Comparison between decrease in water
storage AW and decrease in volume of the soil matrix

AV of Bruchem heavy clay. For each period, the dom-
inant shrinkage phase is indicated.

shrinkage to be the main shrinkage type in this
soil. For normal shrinkage, the dacrease in soil
matrix volume has to be equal to the decrease
in water storage, which is obviously not the case
(Fig. 7). The loss of water without corresponding
shrinkage during the first 4 days of the experi-
ment, amounting to about 7 mm, has to be
explained by the occurrence of structural shrink-
age, In the present soil, water loss in the struc-
tural shrinkage phase originates from interag-
gregate pores, because a structural shrinkage
phase is absent in the shrinkage characteristic
of the soil aggregates (Fig. 2A). From day 4 to
day 35, the shrinkage rate was more or less equal
to the decrease in water storage, reflecting nor-
mal isotropic shrinkage of the soil matrix. The
differences observed between the two are likely
the result of an experimental error caused by
the third-power dependence of calculated three-
dimensional shrinkage on measured subsidence
(Eq. (1)).

After the enhanced evaporation regime had
.been established at day 36, the decrease in water
storage again became higher than the three-
dimensional shrinkage rate. From the shrinkage
characteristic of the soil aggregates (Fig. 24) it
can be concluded that residual shrinkage in this
clay soil occurs below a2 moisture ratio of 0.50,
which corresponds with a gravimetric water con-
tent of 0.15. From the water content profiles of
Fig. 5, it appears that before day 30, at every
depth in the s0il profile, the water content was

higher than this threshold value, so residual
shrinkage did not take place. After day 36, how-
ever, the water contept of the top leyer was
decreasing strongly because of the higher evap-
orative demand. At that time, the threshold
value of 0.19 was reached in the top of the soil
profile, and residual shrinkage started The zero-
shrinkage range, starting below moisture ratios
of 0.18 (which equals a gravimetric water con-
tent of 0.07) was not reached in the clay-soil
lysimeter,

The Buccessive occurrence of structural
shrinkage, normal shrinkage, and residual
shrinkage during drying of the soil before day
70 is in agreement with other experiments on
drying and shrinkage of clay soils {e.g., Yule and
Ritchie 1980). Around day 70, however, residual

shrinkage is succeeded by normal shrinkage

again. The reason for this second occurrence of
a normal shrinkage phase is probably that the
water loss rate in the top layer, which is in the
residual shrinkage phase, decreases around day
70, while the water loss rate in the subsoil, still
in the normal sghrinkege phase, became more
prominent (Fig. 4B) at that time. As a result,
the soil as a whole exhibits normal shrinkage
again. It is possible that the enhanced water loss
from the subsoil occurred by evaporation
through the shrinkage cracks, but this could not
be assessed in the present experiment.

CONCLUSIONS

The water storage in a heavy clay soil in a
lysimeter decreased by 45 mm in 82 days due to
evaporation. This drying process was accom-
panied by a shrinkage of the soil matrix of 34
mm, consisting of & crack volume of 22 mm and
a surface subsidence of 12 mm.

The shrinkage behavior of the clay soil re-
vealed the occurrence of structural shrinkage,
isotropic normal shrinkage, and isotropic resid-
ual shrinkage. Structural shrinkage can only be
derived from experiments on large undisturbed
samples, The other two shrinkage phases can be
predicted accurately using measured shrinkage
characteristics of natursal soil aggregates. After
the successive occurrence of structural, normal,
and residual shrinkage during prolonged drying,
a second normal shrinkage phase occurred. This
phenomenon was due to the fact that water loss
from the subsoil, which was still in the normal
shrinkage phase, became greater than water loss
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from the top soil, which was in the residual
shrinkage phase.

The loss of water in the clay-soil lysimeter
amounted to 58% of the loss in a silty soil, at
equal potential-evaporation rates.
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a forest and above cleared ground.
Here Stevenson asserts that for-

ests, regarded as radiating sur- -~

faces, react as do other radiating
surfaces but that not enough reli-

able data are available for showing :

their quantitative effects.

Throughout his exposition Ste-
venson relies upon the well-chosen
word. He uses no graphs, but still
manages to express himself fairly
lucidly when dealing with cumber-
some data. His approach is eritical
and rational

An historical note on the article
jtself is of interest here. While

Soil Depth Affects Wind-
firmness of Longleaf Pine

Longleaf pines (Pinus palusiris)
on the Escambia Experimental
Forest in south Alabama seem
most susceptible to windthrow
where underlain by clay at a shal-
low depth. This was indicated by
a survey of trees felled by hur-
ricane Flossy in late September
1956.

Nine inches of rain fell within
48 hours just prior to and during
the hurricane. Over the 2,500 acres
where the survey was made the
storm blew down about 300 trees
ranging in size from saplings to
large sawtimber,

After the storm, 57 soil borings
were taken to determine conditions
where windthrow bad occurred.
Down trees were segregated into
three classes on the basis of depth
to clay or sandy clay layers of the
soils on which they had been grow-
ing. Proportion of windthrown
trees on each class of soil was com-
puted and compared with the
proportion of Experimental Forest
area in that class. Results are
shown in Table 1.

The tabulation indicates very
clearly that more trees shallowly
underlain by a clay or sandy clay
layer were windthrown than would
be expected from the proportion
of area falling into that class. Res-
tricted root develspment on shal-
Tow soils, along with greater satu-
ration of such soils (due to slow-

UL 4urtt LLNUH AHLL LA BRMKT

originally published in the Pro-
ceedings of the Royal Society, two
limited printings were made in
pamphlet form (3). Some years

:after "Stevenson’s death specimens

of the pamphlet were found which,
upon examination by experts, were
adjudged forgeries. One of the
proofs of forgery was the use of
paper containing rag, esparto, and
chemical wood. The presence of the
latter indicates that the paper
could not have been manufactured
prior to 1874, a year after the ac-
tual publication date of the origi-
nal pamphlets (1).

%%

down of rainwater percolation
through ihe less permsable cldy
layer) are believed to be_primarily
responsible. Surface soils on the
experimental forest are generally
sandy, particularly in the A
horizon, and infiltration is usually
rapid until a heavy soil is reached.

These results suggest that, fol-

.3
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lowing windstorms, foresters man-
aging longleaf pine on the Guli-
coast might well start scouting for

" windthrow on soils with clay or

sandy clay within two feet of the
surface,

TroMmas C. CROKER, JR.

Svuthern Forest Expt. Sta., Forest

Service. T'. §. Dept. Agric.

TaeL: 1.—PrororTION Of WirDpTHROWK TREES BY CLASS OF SoIL

Depth to clay Forest aren Wind-thrown
or sandr clay in soil class trces in soil class
(Inches) (Percent) (Percent)

24 or less 46 90
25 to 48 a9 T
More than 48 23 3

Total 100 100

F16. 3.—Clay or sandy clay within two feet of the surface tends to reduce wind-

firmnoss of longieaf pines,
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Sommary A model is developed for the rate of elongation of a root tip in terms of the balance of
pressures acting on the root. Differentials of this equation give expressions for the changes in root
clongation rate with respect to soil water potential and soil mechanical resistance. The model
predicts that root cells osmoregulate against both water stress and soil mechanical resistance with
similar efficiencies which are less than 100%. Analysis of published data leads to the conclusion that
root tips of pea osmoregulate with 70% efficiency. A working equation is developed for the
clongation rate of roots in conditions of combined water stress and mechanical resistance.

Model

Plant roots are assemblages of cells acting in concert. Elongation of a
root and the response of the root to its environment reflect cell elonga-
tion and the response of cells to their environment. Cells are in mechani-
cal equilibrium such that their internal and external mechanical stresses
balance. An equation can be developed for the mechanical equilibrium
of cells which incorporates the cell-wall extensibility factor as developed
in plant physiology'®'". Differentials of this equation give the sensitivities
of cell and root elongation rate to changes in the terms in the equation
of equilibrium. Combination of experimental results from a number of
authors leads to the conclusion that root elongation rate decreases
linearly with increasing mechanical stress acting externally on the root.
External mechanical stress can arise from the resistance to root elonga-
tion arising from soil strength. This study provides a link between basic
physiological studies and the observed behaviour of roots in the field.

Plant cells are in equilibrium such that the total internal water poten-
tial, ¥, is balanced by the total external potentials which comprise the
external water potential, ¥, plus any additional mecharical stresses or
pressures, M:

¥ = |¥,] + M. (1)
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Here, and in what follows, compressive pressures are considered 1o he
positive and tensile pressures are considered to be negative. The S0y

water potential is composed of osmotic, n,, and matric, ¥

ms COm.
ponents:

Y, = n, + ¥, (2)

Within the plant cells, with their semi-permeable membrane walls,
negative osmotic potential which is produced by dissolved ionic apg
molecular species gives rise to an osmotic pressure I1, = —m;, = |¥,| |,
parts of this paper, water potentials, ‘¥, will be considered in terms of th,
moduli of their values, |'P|. This overcomes problems with sign changes.

The additional mechanical stresses are composed of a wall pressyre
component, W, resulting from tension in the cell walls, and a componen:_
o, resulting from external pressures exerted on the cells from the syr.
rounding medium. Thus,

M = W+o (3)

In the case of the cells of elongating plant roots, o is the pressure that the
root has to exert to deform the surrounding soil. From (1), (2) and (3):

Wil = |+ W+ o 4)

The rate of cell elongation, R, is related to the tension in the cell walls
and hence to the wall pressure component, W, by

"R = m(W — W), forW > W, (5

where W_is a critical wall pressure component which has to be exceeded
for elongation to occur, and m is an extensibility factor®'*"". A combina-
tion of Equations (4) and (5) gives the elongation rate

R = m[lql|| - llpol - Wc - U]. (6)

Equation (6) can be used to investigate the extensibility factor, m, and
the effects of soil strength and water stress on the rate of elongation of
roots. To do this, it will be assumed that the equation, which was derived
from considerations of single cells, can also be applied to the elongation
zone of plant roots. It must be realised that the terms on the right-hand-
side of Equation (6) are not all independent. In particular, P;, changes
in response to changes in the other terms. This process is known as
osmotic adjustment or osmoregulation. It is one form of plant com-
pensation in response to external stresses. .

Greacen and Oh®, using the seminal roots of pea (Pisum sativum)
determined the critical wall pressure as

\: CHANICS OF ROOT GROWTH

W, = 0.34MPa,
and the extensibility factor at 70
m = 81 + 8mm. _,

They also investigated osmoregu
.idered in terms of derivatives
results of Taylor and Ratliff*® wh
oxternal water potential, ¥, on t}
(Arachis hypogaea L. cv. Virginia
of cotton (Gossypium hirsutum L.
Differentiation of Equation (6) w
{0 zero gives
R [0I‘Pi|
_ = m| —- -
v, av,|

This shows that for the roots of
water potentials,

5\{li = (5‘*10.
Greacen and O’ also conclude
potential was matched by a corre
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av¥il _
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eson' indicate a finite value or”

oR

oY, |

for the roots of maize (Zea mays
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The dependence of root elon,
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1.03 + 0.0¢
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W. = 0.34MPa, ™

c

and the extensibility factor at 20°C as
— m = 81 + 8mm day™' MPa~'. (8)

They also investigated osmoregulation by pea roots which is best con-
i sidered in terms of derivatives of Equation (6). They considered the
results of Taylor and Ratliff'® which showed that there was no effect of
external water potential, ¥, on the rate of elongation of roots of peanut
(Arachis hypogaea L. cv. Virginia Bunch) down to ¥, = —0.7MPa and
of cotton (Gossypium hirsutum L. cv. Empire) down to ¥, = — 1.2 MPa.
Differentiation of Equation (6) with respect to ¥, and setting the result
to zero gives

R [a%¥ _
A = ™A JER @

This shows that for the roots of these species down to these particular
water potentials,

S¥, = &Y. (10)

Greacen and Oh® also concluded that a change of external soil water
potential was matched by a corresponding change in cell osmotic poten-
tial:

¥

v, = 1.03 + 0.06, (1

~ ichsupports Equation (1). However, the results of Mirreh and Ketch-
INeson"? indicate a finite value of

JR o i
5|To| = —18.4mmday ' MPa (12)
for the roots of maize (Zea mays L. cv. United 106), as will be discussed

later.
The dependence of root elongation rate on soil mechanical resistance
can also be examined by differentiating Equation (6):

a_R _ a“yli _ allPo| _ 6\Vc _ ]
do m do Jo do

(13)

Itis reasonable to assume that 0¥, /d¢ = 0, and dW,_/ds can be assumed
to be zero as a first approximation. Experimental results for the roots of
_ pea’ show that
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¥

which is a measure of the efficiency of osmoregulation against soj
mechanical resistance. This leaves

JOR

— = —0. fi
p 3 m for pea, or

in the general case. Note that if the efficiency of osmoregulation wag
100%, then K would be zero, and soil mechanical resistance would have
no effect on root elongation rate. In practice, it is observed that dR/¢¢
is not zero, and so the efficiency of osmoregulation must be less than
100%.

The mechanical stress, o, exerted by a root tip against soil resistance
cannot be measured at the same time as elongation rate, R. R has been
measured as a function of soil strength, Q,, measured with penetrometer
probes™'*'® Penetrometers used in laboratory studies are usually conical
with a 30° semi-angle, steel, and of 1-3 mm diameter. The results show
that R decreases from its maximum value of R,,, in an exponential-like
manner with increasing soil strength, Q,. This may be written

R —oemi@uain
R = e ) (16)

max

where Q,, is the value of penetrometer resistance that reduces relative
root elongation rate, R/R,,,,, to one-half, and the exponent-0.6931 is
log. 0.5 and results from the use of Q,; in Equation (16). Some values of
R,.. and Q,,, are given in Table 1.

Additionally, information is available which compares growth press-
ure, g, and penctrometer resistance, Q,, for the penetration of root tips
and probes into the surfaces of blocks of soil*'?%. Here, growth pressure
is defined as the stress, acting normally to the root surface, which a root
has to exert to deform the soil around it. Growth pressure, g, is expected
to be numericaily equal to (|'V,| - |'\¥,,| - W) as given by Equation (4). The
results show that Q, is always larger than ¢, and that the ratio between
them increases progressively with increasing soil strength being around
3 in “weak” soil (e.g. Q, = 0.5MPa), around 8 or 10 in *‘strong” soil
(e.g. Q, = 5MPa), and perhaps even higher in yet stronger soil. The
difference between o and Q, results from the different modes of soil
deformation induced by roots and penetrometers'?®. The curve relating
o and Q, must pass through the origin (¢ = Q, = O) in extremely weak
soil, and o can never exceed the maximum growth pressures which roots

e e,
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* can exert, o,,,. Again, the limited available data suggest an exponential-
type equation of the form

o —a
— = 1 - e, (17

amax

© where a has a value around 0.5MPa~"',

Equation (17) may be applied to the tabulated data of Mirreh and
Ketcheson'. If it is assumed that o, = 1.3MPa and that
1 = 0.5MPa~', then estimates of the pressures, &, experienced by the

. roots may be obtained. Their results for four values of ¥, may be written
. as:

R = 260 — 21.55, mmday~' for ¥, = —0.1MPa, )
R = 19.1 — 19.06, mmday~' for¥, = —0.3MPa,
i R = 166 — 2136, mmday™' for¥, = —045MPa, )
! and
R = 125 — 18.16, mmday~' for¥, = —0.8MPa, |
(18)

In Equations (18), the coefficient of o seems to be fairly constant, and on
average,

R

R -1 -1
P 20mmday~'MPa~". (19)

* constancy supports the concept of a constant value of m.
~—1 he first term in Equations (18) decreases approximately linearly with
- decreasing soil water potential. ¥, and Equations (18) can be written to
" within experimental error as :

R = 26 + 18.4¥_ — 20.00, mmday ™', J (20)

where ¥, and ¢ are in MPa. From Equation (20) is obtained the value
of dR/|0¥,| which was quoted in Equation (12).
For maize, the efficiency of osmoregulation (E = (1-K) x 100%) has
not been estimated. All we know, from Equations (15) and (19) is that
* Km = 20mm day~' MPa~'. However, if it is assumed that K is also 0.3
| for maize, then the extensibility factor for maize is

; m = 6l mmday'MPa~". @1

[fthe results in Equations (12) and (21) are substituted into Equation (9),
then it is also found that
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is obtained for the efficiency of osmoregulation of maize roots againg;
water stress.

The results for pea roots of Greacen and Oh’, who measured ,
directly, can also be written as in Equations (18). In this case,

= 0.7

R = 253 — 70.66, mmday™' for¥, = —0.285MPa,

R = 17.8 — 27.16, mmday™' for¥, = —0.42MPa,

and

R = 13.1 - 2420, mmday™' for¥, = —0.73MPa.

(23)

It should be noted that their data at ¥, = —0.285MPa were rather
scattered. These data are consistent with

R = 30 + 25.3¥, — 270, mmday~, (24)
which shows that

g—l: = —27mmday 'MPa~'. (25)
This consistent with Equation (15) and the value of m = 81 mm day™'

MPa "' quoted by those authors. Again, it is found that if these values
are substituted into Equation (9), then

a1\
0%, |

It therefore appears that the roots of pea osmoregulate against soil water
potential and soil mechanical resistance with an efficiency of 70%. This
is in contrast with the conclusions of Greacen and Oh°® who obtained the
result in Equation (11) on the basis of their data for ¢ ~ 0.15 MPa alone.

Equations (20) and (24) are remarkably sinilar, and it is possible to
consider an average plant for which

R
R

0.7. (26)

= 1+ 0.78¥, — 0.85¢.

max

It can be seen from Equation (27) that, in the absence of mechanical
stress (6 = 0), root growth is predicted to cease at ¥, 6 =
—1/0.78 = —1.28 MPa. This would correspond to wilting. Similarly, in
the absence of water stress (¥, = O), root growth is predicted to cease

27) -

DEXTER ‘
(22) '
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Fig. 1. Values of relative rate of root elongation, R/R_,,, under combinations of conditions of soil
| water potential, ¥, and penetrometer strength, Q,. predicted from Equation (29).
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Fig. 2. Curve indicates combinations of values of soil water potential, ¥,, and soil penetrometer
. strength, Q,. at which root growth will cease as predicted from Equation (29).
1es . .
at ¢ = 1/0.85 = 1.18 MPa. This would correspond to the maximum
growth pressure, o,,,,. Therefore, Equation (27) may be written as
16) - R b g o
_6) \r/ — l _ ° _ , (28)
; Rmax ll"W amax
ter ! . o . . .
his | where W, is the wilting point water potential of the plant species.
'h; Equation (28) may be combined with Equation (16) to give
ne. R _ 3 4 e 06NQQ) (29)
to R 7 ’

max w

which gives the relative rate of root elongation in terms of the com-
) monly-measured soil properties: water potential and penetrometer
strength. Fig. 1 shows values of R/R,,, under various combinations of
water stress and soil penetrometer strength for a plant with

cal Q; = 1.3MPa and ¥, = —1.5MPa as predicted by Equation (29).
= This equation also predicts that root growth will cease at less negatives
n values of ¥, in strong soil. Root growth ceases when the osmotic

1¢ . adjustment of W, reaches its limit under the combined influence of ‘¥, and




———.

e

P L SRV

¢ et W T n

- A

= s dt s e

PP OTT Ry Y T N

310 DEXTER

Table 1. Experimental values for maximum rate of root elongation, R,,,. maximum growh
pressure, 6,,,, and soil penetrometer pressure, Q, .., which halves the rate of elongation of plan
seminal roots

. e —
Plant species R Tmax Qi Rer
(mmday~') (MPa) (MPa)
Bean (Faba vulgaris L.) — 1.08 — 6,16
Cotton (Gossypium hirsutum L. cv. Empire) 85 — 0.72 18
Cotton {Gossypium hirsutum L. cv. Coker 413-68) — 0.92 — 19
Cotton (Gossypium hirsutum L. cv. Coker 413-68) — 1.1 — s
Cotton (Gossypium hirsutum L. cv. Sicot 3) — 0.29 —_ 1S
Maize (Zea mays L.) — 1.45 — 6.16
Maize (Zea mays L. cv. United 106) 26 — 1.3 13
Pea (Pisum sativum L. cv. Brunswick) — 1.31 — 19
Pea (Pisum sativum L. cv. Meteor) — —_ 2.03 7
Pea (Pisum sativum L) : 24 — — 9
Pea (Pisum sativum L. cv. Onward) 35 — — 4
Pea (Pisum sativum L. cv. Brunswick) — 1.2 — S
Pea (Pisum sativum L. cv. Greanfeast) — 0.50 — 15
- Peanut (Arachis hypogaea cv. Virginia bunch) 65 1.16 1.91 19
Ryegrass (Lofium multiflorum cv. 522} — — 1.39 7
Sunflower (Helianthus annuus L. cv. Hysun) — 0.24 — 15
Tomato (Lycopersicon esculentum cv. Potentate) — — 1.48 7

o. However, soil strength will have no influence on the ability of a root
to dry the soil down to ¥, behind the elongation regions of the root tips.
Combinations of conditions where root elongation are predicted to cease
are shown in Fig. 2.

It should be noted that, in practice, root elongation may decrease at
small values of |\¥_| as the soil becomes saturated and anaerobic. Close
to the wilting point or at high levels of mechanical stress, on the other
hand, roots may be unable to osmoregulate fully, and the above equa-
tions may not describe the behaviour accurately. Also, under conditions
of high evapotranspiration, plant water status may be controlled by the
ability of the soil to transport water to the root, and the effective value
of ¥, may be significantly more negative than the mean value of ¥  of
the soil.

Some experimental values of R, , 0..., and Q, ., are presented in Table
1. It is not known why the values of g, obtained by Misra et al.'® were
smaller than those obtained by other authors. Unfortunately, there is no
single plant species for which a complete set of data has been measured
using the same batch of seed from the same cultivar. Future research
should attempt to remedy this as it would provide a much better test of
the above relationships than is possible at present.

It is not essentila to use penetrometers to estimate growth pressures,
o. Application of soil mechanics theory, as developed in Civil Engineer-
ing, can enable o to be estimated as functions of soil shear strength,

friction, compressibility, erc.**'“. These analytical approaches require a
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large data set and usually in
more accurate approach invol
finite-element analyses'’.
shape of the root tip, whicw-ef
have to be made about the l¢
the interface between the roo
Further development of ot
growth will require additiona
ures and penetrometer pressu
ments of root osmotic pote:
water and mechanical stress.
range of plant species and soil
its limitations, will continue -
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large data set and usually involve several simplifying assumptions. A
more accurate approach involves the use of non-linear soil parameters in
finite-element analyses'’. To do this, information is required about the
shape of the root tip, which changes with soil strength, and assumptions
have to be made about the levels of friction and associated slippage at
the interface between the root tip and the soil.

Further development of our understanding of the mechanics of root

growth will require additional accurate data relating root growth press-
ures and penetrometer pressures as in Equation (16), and more measure-
ments of root osmotic potential, ¥;, under various combinations of
water and mechanical stress. These experiments should be done with a
range of plant species and soil types. It seems that penetrometry, with all
its limitations, will continue to be used for a long time to come.
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The “nviionmnental nofoency (LiA) was ereaied vecause of
increacing public and : cor et about the eangers of pollution tof
the healih and welfare of the Anerican people. lioxicus air, foul water and
spullec land are tregic teotimony to the deterioration of our natural envirorn-
ment.  The complexity of that envirennont ana the interplay ovetwesn its com-
ponents rejuire a concentracs’ and int:grated attack on the prcolem.

. Herearch and develepront i3 that necessary first step in probtlem solution
and it inwvclves defining oo vrenlen, measuring its impact, and searching for
soluticns.,  ine Municipal uviromeental Rescarchk Laboratcry develops new and
improv-d technelogy amd sy.03 fer the rreventicn, treatment, and management
or wastcwater anli soli ravaraous waste pollution discharges fren munici-
ral wmd connunity <our “sr the preservation =ud treatient of public drink-
ing waler supplics wd to miniize the adverse e:onomic, sccial, heal:h, and
aesthotic cr'fects o poliution., Ih.os rublication is one of the produzts of
that reseervch, a =25t vital comnunicaticn's link vetwe=n the researchzr ard
the user ccrmunity

[P
jsa]
o

The ultinate use of rofuse landfills involves the planting of vegeta-
tion. The proolems of growing decp-ronted vegetation over furmer landfiils
has been studied through liseratuce surveys, a mail survey of the Unitad
States and its poscessions, and by on-site evaluations of vegetation growth
at former lendfills within the rajor climatic zones of the continentel
United States and rusrto kico. It was the purpose of these studies to
determine thie geograchic extent of probtlems associated with vegetating
completec landfills throughout the United States.

Francis T. Mayo, Director
Municipel Environmental Reszarch
Laboratory
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ABSTRACT

A nail survey of about 1,000 individuals, presumed tc be knowledgable of
the vegetation assoclated with operating and completed landfills throughcutc
the continental Uni*ed States and territories, was conducted for the purpose
of determining the status ol -andlill vegetetion growth. Of the S00 people
resprording, abuut 75 percent rezorted ne problems.  Twenty-five percent e-
ported problems o: lanclills and 7 percent reported problems with vegetation
adjacent to landfiils.

Us.ng reports received through the mail survey, landvills for sive
visits were selected to represent the nine major climatic regions ass delined
by Tiewartha. About 60 individusl landfiils were visited, and comrerisons
of the quality of soll atmospheres were made in the root zones of hea.thy
specimens and individuals of the same species that were deed cr dying.
Aipmost invariably, where soll atmosrheres contained high concent'rations of
landfill goses, vegetatiou was adversely affected.

Carvarisons of soil quality were made likewise. In almost al) cases
where landfill gases were high in concentration, clevated concencrations of
avallable ammonia-~N, moisture and -h- trace elements iron, manganese, copper,
and zinc were found--chaiages similar to those found in flcoded soils. Also,
high soil temperatures were found associateld with landfill gases in a number
of cases.

Landfill vegetation growth conditions were generally similar for most
of the climatic regions visited. Those in the desert area, however, were
found to have somewhat lower landfill gas concentrations than the others--
possibly due to dry conditions.

This report was submitted in fulfillment of Contract No. R 803762-02
by Rutgers University urdevr the sponsorship or the United States Environ-
mental Protection Agency. This report covers the period May 15, 1575 to
May 14, 1977, and the work was completed as o: Juue 15, 1977.
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SECTION I

INTRODUCTION

Sanitary Landfill has be2n demonstrated toc be the least expensive envir-
onmentally acceptetble means »f waste disposal available tc date, purportedly
possessing the att:ibutes o. neatness and safety in audition to the relatively
low cost. Whereas such sices may have originally been located at considecreble
distances froum residential areas, rapid urtan and subuipan develornert in the
United States he.s caused nuny once remote dunping grounds to be witnun deve-
lored areas. /¢ such they provide an attractive source of much needea land
for many purpsses. Although conversion to recreational areas or other ncn-
‘structural vsage has long been considered an accepiadle end Yor coupleted
landfill sjtes, the urgent iieed for space and for increased tax rzvenues has
caused many municipalities <o eye ccmpleted lendfills for commerciel use as
well. In rural areas, intensifying lund use has r2silted in attempts to use
completed landfills for growing commercial ~<rops.

Regardless of the ultimate utilization of the landiill, certain serious
disadvantages are inhereni, not the least of which are ccological upsets due
to leaching of infiltrates and gases into groundwater, pollution of water
supplies, the production of tcxic and explosive gas mixtures from anaerobic
nicrobial decomposition of the organic matter present, and surface settlement.
High ground temperatur:2s have also been reported in the cover material or
some completed refuse landfills.

The state of New Jersey, with a population of approximately 7% million,
has experienced vegetation growth problems on and around refuse landfills.
The state is currently serving as the repository for solid waste from a
population of approximately 10 million. There are some 300 active landfill
sites in New Jersey comprising approximately 10,000 acres that predictably
will become filled in ithe next few yeexrs. There are also in existence with-
in the state some 150 completed landfills, many of which hav: already been
converted to some of the aforementioned uses. Landfills completed up to
World War II were shallower and contained less organic matter than the pre-
sent ones possibly ac the result of more coal ashes, more open burning, and
less wastage during those earlier times. Since World War II tne amount of
disposable waste has risen considerably with a concomitent rise in content
of biodegradable material. It is believed that the changing character of the
waste in landfills and the increasing need to develop former landfills for
new land have helped make vegetation deaths more noticeable. Mo.e than half
a dozen landfill sites in New Jersey were known to have experienced this
problem. '
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With the death of vegetution associated with landfills well dccumenced
in New Jersey, it was desirable to see if similar situations existed in otiar
parts of the United States and to examine possible causes of these vegeta-
tion growth problems. The survey of the quality >f lendfill vegstaticn
growth con:zisted of a mail survey of che United 3lates followod by on-zite
! visite to former landfills In all the major meterological regicns found L
the L8 continental states and Puerto Rico.
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SECTION II

CONCLUGIONS

A mail survey of some 1,0CC persons assumed to be knowledgeable ovi glant
growth status on or adjacent to completed landfills showed fully 79 per-
cent of th.se who responded as unaware of -he problems asscciated with
vegelating completed landfills.

Site visits to so.. 60 completed iandfills w.thin nine climatic regions
T the United Statss generally revealed a hiuyh negetive correlation be-
tween plant growth and concentraticns of methane and/or carbon dioxide
in the root atmostheres.

Little variability in the magnitude of landfill gas production and
consequent vegetetiorn damage was observed among the different climatic
regions, except for the arid area {southwestern Arizona) where con-
centrations of combustible gas and carbon dioxide were found to be
somewhat less thsil in the eight other regions. This wes presumably due
to the lack of rainfall,

A number of weedy species including fmerican linden, American elm,
Japanese spreading yew, and sugar meple were found to be particulariy
sensitive to landfill conditions.

The degree of sencitivity to landfill condition; ameng the wcody species
rlosely paralleled relaiive tolierance of ihese species to flooded or
water-logged soils.

Soil characterictics, other than atmospheric quality modified by tae
presence of anaerobically produced landfill gases, included content of
moisture and aveilable armoria-nitrogen, iron, manganese, zinc, and
copper--ali of which increesed significantly in landfill gassed soils.
Increased availability or these elements is believed to be due to the
highly reduced conditions in the so0ils and the activity of anaerobic
micvoorganicms. BSoil pH tended to approach ncuirality in gassed soils
dgue to the presence of organic acids produced during enaerobic decom-
position of the vuried refuse.

Where atteupts were made to prevent the migration of landfill gases intc
plant root zones through the use of impermeable barriers, vertical
venting or gas extraction systems, or throvgh planting in mounds of
earth placed atop landfills, plants appeared to have a better chance

of survival.
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Cecaslonally nigh soil temperatures {(up to 60°C) adverse to vege-
tation growth were found asscociated with landfill gaces in the soil.



SECTIN III

RECOMMENDATIONG

The lack of awereness of landfill managers of the problem: .“tendant on
establishing vegetation on landfill sites indicates the need fo:
education along these lines, It was also fourd that in about one tnira
of the cases there were discrepancies between conditions reported in the
ma:l survey and thiose found in on-site visits to the landfiils.

The variability in landfill gas tolerance among species suggests the
rneed for research almed at screening plant species for their adaptabi-
Jity to landfill gases,

The similarities between soil characteristics in landfill cover soils
and in water-lcgged soils suggests the use of flood resistant species
for londfill plartings.

The lack of understanding of tne precise role of specific landfill
gases in causing plant deterioration cuggects the reed for research
aimed at clarifying this situaticn.

To grow healtly vegetation, landfill gases should be prevented from
entering the plant rooi atmospheres.
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SECTIGH IV

LITERATUR: SURVEY

TAS rRODUCTION I REFUSE LANDFILLS

The composition of landfill refuse varies considerably deperding on its
origin be it municipal, industrial, incire.ation material or sewerag: sludge.
The organic content of solid waste collected from homes, sc bools, ccrmmerciel
establisnwents and industries generallv ranges frem 50 to 75% on a weight
basis. Mos®t of these organics are biodegradable and can be broken down into
sirmpler compounds by both aerobic and ansercbic micro-crgan’-sms. 7he rate at
which this cccurs 1s reported to be a function of (a) permeadbility of ccver
naterial {b) depth of garbage {c) amcunt of rainfall (d) moiscure centent of
the refuse {e) putrescibility of the refuse (f) compaction (g; pH and (h) age
of the landfill (1 2,).

When the refuse is initially deposited in the landfill, there is enrug.,
oxyZen present to support a population of aerobic bacteria. Thls stage lasis
from one day to many meaths (3). The literature indicetes CO , and H D
to be the principle products formed in aercbic decomposition ‘L) 3

The depletior of soil oxygen results in a decrease in the aecrcbic and an
ircrease in the anaercbic population. During the anaerobic stage of decom-
position two prases have been 1dentified, a non-methanogenic stage Tollowzd by
a methane-procucing stage.

During the non-methanogenic stage, organic matter is reduced, in the
presence of water and extracellular enzymes produced from bacteria, to smaller
zcluble compenents which include fatty acids, simple sugars, amino acids and
other light weight compounds(Z). Further breakdown of scluble compounds in
the absence of oxygen proZuces H2, 0, NH,, HEO’ 002 and organic acids (pro-
bably acetic acid) {5, 5, 7) 3

During the methanogenic stage, CO and CH, are the principle gases pro-
duced. They originate from two reactlons carr?ed out by a hacteriur called
Methanovacterium(6). In the first reaction,the CJO_  produced earlier in the.
decompositicn is reduced through the additior of hydrogen to “orm methane and
water. The second reaction utilizes the acetic acid produced during the non-
methancgenic stage., Acetic acid is cleaved in the presence of heat to form
methane and carbon dioxide. These two reactions are represented below:

(1) co, LH,_ N CH, & 2 H,0 & Heat

A3
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(2) cCH C Heat
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Acetic Acid - OH

Varicus cther gases -eportedly produced in trz unaerobic enviromiont of
the landfill ircliude ettane, propane, phosphine, hydrcgen sulfile, nitrogen
and nitrous cxide (8,%,10,11,5). & litereture search of studies conceirning the
erfects on vegetation in resporse to the pres:nce >f these :£ix gZases in the
root zones produced a cingle article from Japan{12®. Hydrogen sullile, which
is produced frem the bacrnerium Desul fovibrio desulfricans in alkaline con-
ditions (13),was reported ta have caused lower root respiration rates and a
decrease in soil nematode pooulation (1k).

Ir addition to th2 methane-prcducing bacteriz mentioned above, -here
¢rists a bacterium, Fs:udomcnas chromobacterium, which ui.lizes weti.zne during
its metabolism. It oxidizes methane, nrodicing carbon dioxide and water (15).
Since oxygen is requirvd for this reaction, these bacteria will gernerally ope
round near the upper sirface of the landfill.

During the oxidatioin of rethane, oxygen in consumed. Thi- raises a ques-
tion ol whether or not the oxygel concentration is a limiting fsclor in this
reaction. Hoeks peints m . ihat these organisms can function at sell atme-
spheric oxygen concentrations as low as 1%. However, at this low concentre-
tion, incampletve oxidation causes formation of such intermediate sice products
as methanol, formaldehyde and formic acid (15).

During anaerobic deconposition, the possibility exists for production of
a wide range of gases and liquids. However, the literature indicates ce,, Hy,
CHL’ S, and N, to be the rredominant gases with CC, and CH, making up the
larges% portion“of the s0il gas atmosphere. There has been a considerable
amount of work done concerning the effects of excess CO, in the root zine on
different plant species. In 191L, Noyes satuiaied soil®around tomato ard corn
plants with CO_(16). Both species dled within two weeks, but there wes no
irreversible damage to the coil.

A good deal of variation in tolerence between species has been found.
Cotton seedlings grown in hydroponic solutions (17) were able to exhibit
optimum growth with 10% CO,, present, provided at least 7.5% O, was also
present. Thirty to 40 perZent CO, in the root zone of cotton seedlings was
found to severely reduce root groath in hydroponic solutions, Red and black
raspberry (18) were killed when their roots were exposed to 10% co,,.

Norris, Wiegand, and Johanson (19)in 1959 exposed excised onion root tips
to CO, concerirations above that normally found in soil atmospheres. They
conclided that an observed decrease in respiration rate was due to permanent
darage to the roow cells caused by the lowering of the intercellular pH by
dissolved COZ'

There are various factor: influericing methane gas production. The para-
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maters mosi commonly rooorted are refuse moisture content, temperature ard pH.
Probably iae major factor is refuse moisture content. k- maswamy (20C) and
Songonuga (21) found that rethane gas production rates i.cr:ased with refuse
moisture ~ontent, a maximam production occurring at rolsiure content of 50 tc
80% wet weight. Farquhar and Rovers (6€) renort maximum methane production
when refuse is near the saturstion point. A erperiment cariied out by Merz
and Stone (22) c-oncluced tnat methane gas production incressed with the addi-
tion ot surface irrigation water. Tudwilg (23) frund that et one of two sites
in California me thane production increused after a heavy rainfall.

It is reported :ihat refuse mois.ure content too low to support con“inuous
gas production in 4 landfill may be ‘n the range of 30 to L0% (22). This
condition may oxist in certain areas of the United States such as the dry
southwest, where rainfall and relative humidity are very low.

Temperature has alsc been described as a limiting factor in methane gas
proauction. Aerobic conditions invariably produce higher temperatures tlan
anacrobic (2h4,22)., Three separate articles have reported optimum temrerctures
for methane production ranging from 30°C to 37°C. Kctze et al {7) report 37°C
to be thne cptimum temperature for methane gas production in the mesophillc
stage of sewajie sludg2 Jecomposition. Dobson (05) and Ramaswamy (20) say
maximum gas production occurs at 30°C and 35°C respectively. /i1 found that
deviations rrom the -ptimum temperature resulted in decreasad methzne pro-
duction rates. '

The optimum pH for metha.e production during anaerobic decomposition of
sewage sludge is very nzar 7.0 (6). As deviations from this optimun are en-
cowtered, gas production is decreased. Extremely high rH may exist in the
refuce because of the presence of alkaline materials, whereas low pH levels ~—
can result in inhibition ot methane production with the concamitant forma-
tion of orgeanic acids (6). :

One parameter which was measured in & number of studies was the effect of
excessive infiltration on mechane prcduction., When lerge amounts of water
were added to a lysimeter filled with refuse so that <he saturation point was
almost reached, methane production was inhibited; however, CO, continued to be
produced. This response was attributed to the positive oxidation-reduction
potential of rain water suppressing the activity of methanogenic bacteria
vhich require a negative oxidation-reduction potential (26).

HISTORY OF FROBLEMS IN VEGETATING LANDFILLS

Conversion to recrcational areas or other non-structural usage has been
considered an acceptable end for completed landfill sites and, in rural areas,
intensifying land use has resulted in attempts to use completed landfills for
growing commercial crops (27, 10, 28, 29, 3C, 31, 32, 33).

The serious disadvantages for adequate vegetation growth inherent in

" landfill sites have teen enumerated namely, the producticn of toxic gas mix-
tures from enaerobic deccmposition of organic matter present, the leaching of
infiltrates and gases into ground water supplies, and the high ground temx-
peratures (34, 10, 33).
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Ir. spite of predictable negative success in vtilizing landfills for the
support of vegetation, many reports of success ar propssals for transforming
barren former refase sites into luxuriant vegetated areas are appearing in the
literature and in the press (36, 37, 38, 39, 32, LO).

In July, 1972 ar ar‘icle by Duane(hl) applauding the construction of golf
courses on completed sanilary landfills cited the successiul use of such tree
spccies a3 Jananese tlack pine, London plare, thornless honey locust and Russian
olive for besutifying the sites.” In 1373, un anonymous article entitled "From
Refuse Heap to Botanic Garden' apneared in Solid Wastes Management magazine
describing the cransformation of an 87-acre lanafill in Lo:s Angeles that had
the distinction of teing one, of the world's first such phenomena (LZ).

A catalogue published in 1973 describing hybrid pcplars bred by a Pennsyl-
vanie nursery cites a marticular hybrid whicih supposedly was grswn successfully
on a landfill site at Fort Dix, New Jersey (43). In that same year, a brochur=
was published by the Caterpillar Tracior Company describing and displeying in
lavish color various successrully vegetated golf ccurses and parks in Mountain
View, California; Ancka, Minnesota; Baltimore County, Mary. .and; Long Island,

New York; Alton and Chicago, Illincis (4L). In 1974 a news item in the Sun-
Star of Hcrced California described a 5-acre park whose rnew grass and trees

would be aided in growth by "the proxinmity to the refusn which will provide
nezded nutrients' (45).

Few problems *f any were either observed or anticipated in achieving these
spectacular results with the exception of the report of root damage to large
trees and shrubs at the Los Angeles Botanic Garden site.

At the same time, varicus investigators were erperiencing difficulties in
growing vegetaticn at similar sites. JIn January 19€9, Professor F. Flower and
associatec of Rutgers University in New Bruns:ick, New Jersey (46), r:zcponding
to a complaint of vegetation death on private properties adjacent to a landfill
ia Cherry Hill Township observed dead tree.; and shrubs of the following species:
spruce, rhododendron, Sapanese yew, azalea, dogwood, flowering peach, dbrush
dozwnod, Seotchbroom, arborvitae, Douglas fir, end lawn grasses. Testing of
ti.e soil with appronriate equipment disciosed high concentrations of carbon
dioxide and explosive gases. The conclusion reached was that the trezes and
shrubs could have been kille? by disulzcement of oxygen from their root zones
by lateral movement of the gases cof refuse decomposition.

This site was visited periodically from 1969 to the present time, soil gas
was tested fcr explosive gas conterit and vegetation around the homes evaluated
for gas effects (L47).

Subsequent visits were made tc the site on March 12, March 1€, and Maich
31, 1575 (48). Examination of *the landfill area on which & park had been
constructed revealed that many trees had been planted over the area the pre-
vious fall. The species included sweet gum, red oak, Japanese poplar, white
pine, Scotch pine and fir among others. Some of the trees had been destroyed
by being pulled out by their roots. The holes remaining were racher shallow
indicating that plantings were not made at a great encigh depth.
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In 1972, the Rutgers contingent made a visZy to vhe peach orchard of the
De Eugenio brothers in Glassvoro, liew Jersey wnich bordcred on a complated
lanufill, where apnroximately 50 peach trees had diea {~7). Upen comxletion
of the landfill, the growers had hoped to plant z2daicuiniali cach “reec on the
filled area. Examinaticn of the co®l atmosphers reveualsd aigh concentrati s
of carbon dioxide and expiosive gases in the orchard ..rea.

The conclusion was thet -arbon dioxide and nethane from the anaerobic
decomposilici of organic matter had wmoved laterally rrom tne-landfiil into the
orchard a~cza. The sealing of the surface of the landfill with a soil cover had
probably v-=en sufficient to prchibit the free passage of za.es verticaily cut
of the landfill, threrefore, they had taken an casier route laterally into the
soil in the root area of pecach trees adjacent to the landfill.

A return visit was made to the De Eugenio orchard on March 18, 1975 (50).
There had been further peach tree death from lateral migration of the landrili
gases. No corrective measures had been taken. '

In May, 1973 the Putgers group visited the Hunter Farn in Cinnaminscn,
New Jersey where previous visits had confirmed tha* combustible gases frem an

10




adjacent landfill had encroached upon the farmland and injvred crope {(L7), 4
.venting system of perforated PVC pipes had been installed at the interface of
the landfill end Kw:ter Farm land. CSamples taxken from the permanent gas

i : sampling stations at Huniter Farm revealed comhustible gas exterding 200 feet
' into thz Hunter Farmn field. It was not pcssible at the time to determine
whether any imprevement in gas migration Lad been effected by the venting
systen. )
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Hun<2r Farm was again visited in Ceceuwber, 1¢74 when fields planted with
rye were growing poorly (L47). %as checus revealed that combustible gases vere
present in the area of new vegetation injury end that migrating gases were now
reachinz £00 feet from the nearest edge ci' the landfill. Apparently the
venting was inadequate.

Another trip to Hunter's Farm was made in July, 1975 when corn and sweet
potato were found to be growing poorly in areas .where combustible gac concen-
tration was high. At this time gas migration was found =% 800+ feet rrom the
eage of the landfill (77)}.

e W RET ey

On May 14, 1973, the Rutgeres group visited Sharkey's Landfill in
Parsippany-Troy Hills, New Jersey to estimate its potential for suprortinzg
vegetative cover and to examine field test plots set out by a couni, agent
(51). It appeared that grass seeding had teen att=mpted; however. sras: seem-
ed to be growing well over only small areas of the fill, Numerous pool: of
oily leachate yvere observed, many vith gas bubbles breaking the surfacc.

Samples of <oil gas revealed high concentrations of combustible gaues,
In the few areas wiere vegetation seemed to be growing well, there was little,
if any combustible gas in the rcot 'zomne.

The general consensus on the possitility of successful vegectation appear-
ed tou be that only shallow rooted pecies such as grasses would be expected to
thrive over most of the area. In same spots Jdevoid of combuctible gas it
might be possible to grow decper rooted vegetation.

A communication from the county agent on June 3, 1975 revealed that clover,
vetch, lespedeza and weeping lcve grass were doing well on the landfill (52).

On January 28, 1974 the Rutgers group visited an 18-acre refuse landfill
.which was the proposed site for a high-rise apartment project. At lhe north
end of the lanéfill, a bank had been constructed three years previously on
pilings (53). Grourna settling, gas odor and vegetation death were observed
on the bank property. Checks for soil gas revealed high concentrations of
combustibie gases in the areas of vegetation death.

At the same time that the Rutgers investigations were going on in New
cersey other investigators in %this country and abroad were also reporting lack
of success In growing vegetation on .or near landfills.

In 1972, Kutsuma found a chestnut blight in the area of a landfill in tne

" Toma River Valley in Japan, due to a high carbon dioxide and methane content
(54) ard the fcllowing year Ueshita, Kuwayama and Saita (55) repcrted the death

11
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of unspecified tree species which had been planted on a landfill in Aichi
Frefecture, ’

In 1972, a. scientific study of the growth response of four cpzcies of pine
on simulated landfills was conducted by Cremer (56) in fuifillment of require-
nents for an advanced degree at Yale School of Forestry. Preliminary results
indicated that two of the species, Monterey pine and Pitch pine, were growing
poorly on the simulated landfill plot whereas Austrian pine and Jack pine
appeared to be unaffected.

1.1 1973 & report from Toronto, Canada (57) blamed ethylene gas from a
landfill for vegetation mortality.

In the same year an anonymous publication (b5) issued in Ontar*o, Canada
in lississauga, Ontario.

Various other commuiications (3%, 58, 59, 30) during the past year have
reported further observations of vegetetion problems on Surmer landfills
ascribing the problem to methane gas, high soil temperatures, and/or insuffi-
cient depth of ccver. Among the reports was one describing injury to corn
crops on landfilled trenches arn compared to nurmal growth orr inter-trench
honlandfilled areas in Connecticut (60).

The variability in results from efforts to establish vegetztion on formrer
landfill sites is apparently due to variavility in certain landfill c.arac-
teristics such as type and amouat of solid wvaste, depth of cover, construc-
tion and grading of the fill; certain regional meteorological conditions,
such as iemperature, relative humidity and rainfall; soil characteristics
such as composition, texture, ability to retain moisture, nutritional charac-
teristics; adaptability of pl~ant species to lardfill conditions, and planting
and maintenance techniques to »vercome unfavorable landfill con iticas ( 61,

62, 63, 6L, 65, 35).

EFFECTS OF LANDFILL GASES ON VEGETATION

Iluninating Gas

Included among the many cecomposition gases from landfills produced during
the anaerobic bresidown of <rgenic matter are CH), H,, NH,, H S, CO_, N X C Hh
and CO (66). Mechanisms nave been brought forth to show now bhEac é“ﬁﬂ“°*= aré
formed from their precursor macromolecules. The literature describing tne
effects of tlhese gases on vegetation is very s;arse possibly due to the lack
of concern. However, as far back as 1807, problems concerned with trees in-
jurad by illundinating gas accidently leaking into the soll, may be said to
nave commenced when the first public street lighting system was installed in
2all Mall, London (67).

On2 may ask what illuminating gas has to do with these decomposition gases
and their effects on vegetation. Table 1 gives the composition and some repre-
sentative concentration of the conctituents of illuminating gas. A quick glaare
at this chart will bring forth immediately, the importance of studying the
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effect of illuminating gas on vegetation. The gases th CO o) ) C2dy and
CO comprise the majority of the constituents of wanufactured illﬁmina in

TABLE 1. APPROXIMATE PERCKNTAGES OF SUBSTANCES COMPRISING
MANUFACTURED ILLUMINATING GAS

& gas.

e — oot . £ At S e < el = o o=

Substance 4 Composition by Volume
Ethylene (CZHh) 3

Acetylene (C2H2) , )

Benzene (C6H6) ' % 5

Eutylene (ChHB)

e et e L

Propylene (C3H6)

Carbon Monoxide (CO) : 35%
Armonia  (NH.) )

37 )  Less
Cyanogen compounds* }  Than
Hydrocyanic Acid* (HCN) _; 7
Hydrogen (Hz) 33
Carbon Dioxide (C02) 1.5
Oxygen (0,) . 1
Nitrogen (N2) . - 6
Methane (CHM)’ ethane (C2H6), propane (C3H8) 12

*Most of these have been removed from manufactured gas by a process called
“seruvoing".

NOTE: This table was abstracted from bibliography reference #70.

Ethylene (C 2) is of special interest although it has to date rarely been

considered a li ng factor by authorities trying to establish vegetation on

completed sanitary landfills. Smith and Restall (68) showed that ethylene was

produced in anaercbic soll by biolcgical activity and not by chemical actjon.
In a simulated anaerotic soii, vhon 0, concentrations fell to zero, ethylene
production increased. Total evo;utiog was related to organic matter content
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and soil temperature. A “arperaturc of 35°C produced the maximum ethylere
evolucions.

Mathane production was also reported to be optimum at 30°C and 35°C by
Dobson and Ramswany respectively (25, 20). Smith =nd Harris (69) report that

under anaerobic conditicns, if no losses of ethylene occur, its concentraticn
in soil atmosphere can reach or zxceed 70 %.p.m. (0.002%) in widely differing
soil types in the United Kingdem. These roncentrations are in considerable

excess of those which have been found tc zause severe reductions in the extern-
sion of :eminal root axes in temperate cer -als (68). Barley, which was the
most sensitive of the cereals studied, suf 'ered 50% reduction in size after
three days exposure¢ to 1 p.p.m. of ethylen: in soil and 30% at 10 p.p.m. The
corresponding figures for rye were 25% and 40%. Oat and wheat sensitivities
were between barley and rye. VWnen CO_, ccncentrations in the soil were varied,
little change in the cereals' resronsé was aoted.

Because of the above experimencs, it 1; appropriate to consider ethylene
as a possible toxiz ~~rmonent of i)luminating gas. The late 1800's and early
1900's produced much concern .—»v escoping illuminating gas and the injury :t
caused when ir contact with tie oot zyrstem of various shade trees eznd orna-
mentals, The historical poriicr. of Crocker and Knight's (71) study on carna-
tions and 1lluminatinz gas Jdcscribed wuch of ~he pro-ious work done in Germsn:
in the le%le 180C's. According 1o Crocker and Knight Kny wa2s one of the fii.t
to test the injury experimentally. He used *taree sound trees 1. the Berlin
Botanical Jurden, each about twenty years old--one maple (Acer) und two lin-
dens (Tilia). Gas pipes were laid 84 cm. undernsath the soil where these
trecs were to be planted. On July 7 illuminating gas was passed through the
pipes beneath the maple at 12.9 cu.m./day ani beneau: the two lindens, 11.7
and 1.€ cu.m/day respectively. First a euonymous (E. europea) bush near the
maple died, Iollowed by defoliation of the maple leaves on Scptember 1. An
American elm near by showed injury also. On September 30, te first linden
began to show signs of injury, and by Cctober 12 it had lost <1l its leaves
The second linden haa lost its leaves by October 19. A blue discoloration
concentrated in the stele showed up on close examination of cross sections of
the roots one-half inch in diameter or larger. The lindens both produced
foilage the following spring; however, it was bleached and very stunted. The
maple, elm, and euonymous bush showed no signs of life.

Spath and Meyer (71) passed 1 cu.m. of gas daily through wooden pots each
containing one tree. Platanus, silver poplar, American walnut and Ailanthus
were killed; maple and horse chestnut were severely injured, and a Tinden
showed no injury. The leaves of the injured trees were a pale green or yel-
low and most of the younger roots were dead. These investigators concladea
that trees are far less sensitive to gas injury during the winter months when
the sap is not flowirg than during the growing season. . The above Lwo exper-
iments suggest that linden is more resistant to injury brought about tv
illuminating gas than any other mentioned specles.

Bohm (71) grew slips of water willow in water throu '. which gas was
passed. He found that they produced onliy short roots and that these soon
died, as did the dormant buds. The twigs themselves remained alive for atout
three months until, as he believes, the reserve food had been exhausted.

14




S

In another exp:riment he found that soil impregnated with gas was very
poisonous to plants and for seed put to germinate in it. A draceana planted
in such soil died in ten 1lays. Far less injury was shown when a given guan-
tity of gas was in contact with the portions of the plant above the ground
than when the same quantity came in contanct with the roots by being passed
into the soil. He concluded that roots are most sensitive to gas injury.

Wehmer (71) calls attention to a severe casz of gas polsoning in Hanover,
Germany. Thirteen elm trees along a street showed injuries varying with the
distance thoy stood from a leak in a gas pipe. In late winter a number of
them showed vrown discoloration of the inner bark, and a falling-off of the
bark in very large patches extending up the trunk six, rfeect from the ground.

No blue discolorations of the roots appearad as was reported by Kny (71) and
other observers (71).

Molisch (71) found that growth in length of roots is retarded by n.0054%
illuminating gas in soil gas atmosphere., If uninjured and decapitated roots
of corn are grown in illumirs*ing gac, the former are remarkably bent and
retarded in their growth in length, while the latter grow almost straight and
are ccmparatively vigorous. Under the influence of the gas the growth in
thickness of the rocts is increased with the greatest thickening occurring
where the bending is sharpest. '

Shonnard (71) had expcsed potted lemon trees to gas at 1,07 ~u. tt./hr.
constantly for eight days when he noted exudation of sap in corsiderable guan-
tity from the trunk and branches, as well as chlorosis and defoliation of
leaves. He found gemetophytes cf certain mosses to be very resistant, suffer-
ing very little inju.ry in high concentrations of these gases after twu months
exposure. Elodea and nittella's older cells were injured to a greater extent
than the younger cells, as showa by the plasmolysis of the cells.

Richards and Mac Dovgal (72) found that carbton monoxide and illuminating
gas retarded the rate of elongation of roots of Vicia faba, sunflower, wheat
and rice. Swelling also appeared in the leaf sheaths of wh=2at, being some-
what more pronounced with illuminating gas than with carbon monoxide. Exam-
ination of a root cross section under an appropriate microscope showed that
these increases in root diameter were largely due to the enlargement of the
cortical cells.

Stone (73) has reported proliferations of tissue.at the leaticels of
willow slips growing in water which had been cnarged with illuaination gas.
He also noted a rapid prolireration of the cambium in stems of Populus
deltoides (Quaking Aspen) under the infiuence of illuminating gas.

Probably one of the most extensive studies carried out to investigate the
effects of illuminating gas on vegetation was done by Harvey and Rose (74].
This ipvestigation was undertaken with two objectives in mind: 1l-to determine
some of the effects of illuminating gas on root systems, and ¢2-to determine
whether the chief causes of injury are those constituents of illuminating gas
which are readily absorbed by the water film of soil particles or those which
remain y;rimarily in the soil interstices. Because previous work had pointed
out the "ethylene effect" on trees which were exposed to illuminating gas,
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Harvey and Rose (7h) decided to test this hypothesis. They placed the bare
roots of six Vicia faba seedlings inside a large humidified glass bottle into
which they pumped illuminating gas. Then, using the sam2 snecies in soil and
exposing the soil to similar concentrations of gas, they produc:zi the same
-response as observed with the bares roots. Therefore, they concluded that the
constituents of illuminating gas which are relatively insoluble in water are
responsible for tho response ia Vicia faba. Ethylene is included as an inscl-
uble gas. This fact further stimulated Harvey et al. to move towards testing
ethylene texicity.

Again, they used Vicia fube and exposed bare roots, as ‘described above,
to illuminating gas. Tn o segarau= bottle, ethylene, in concentrations
corresponding to that in the illumin.fting gas, was passed around the roots
of the same species. From the observaticn: made in these tests the ethylene
was considered one of the toxic agents present in illuminating gas.

The concentration of ethylene used here was 0.001% or 10 p.p.m. Barley's
growth decreased by 50% at 1 p.p.m. and rye responded to the same concentra-
tions by a 25% decrease (69). In all these cases, the ront response to gas
exposure was a bending and swelllag of the root at this bend.

When the roots of radish, mustard, and tomato seedlings were exnosed in
a moist-air chamber to illuminating gas for 24, 48, and 72 hours respectively,
the responses of the tamato differed from that of the radish and mustard
ceedlings(74). While the roots of the mustard and radish showed obvious
signs of berding and swelling very similar to Vicia faba, the tamato roots
grew as straisjht as normal. seedlings' roots. However, swelllng of the
hypccotyl was evident and was found . to be the razsult of an enlargument of
the cortex and phellogen. Close examination of the stele showed no structural
differencr:s from that of a control tcmato plant. The experiments with
ethylene on tamato again gave some evidence that the toxic effect recorded
for illuminating gas is due to the ethylene constituents of that gas.

wWhen Catalpa speciosa seedlings were exposed for eight days to 1llumi-
nating gas piped through the soil at corcentrations of 0.05, 0.5, 2.5 ard 5%,
stems and leaves showed no modifications (74). However, at 2.5 and 5% the
roots showed very obvious swelling. When the same species were exposed to
ethylene concentrations of 0.002, 0.02, 0.1, and 0.2% which is ccmparable to
the amount of ethylene contained in the illuminating gas used above, the re-
sponse shown by the 0.1 and 0.2% ethylene was like that shown by 2.5 and 5%
illurinating gas. This gave further evidence to the expanding theory that
cthylene tcxicity is responsible for the response of the root systems to tne
illuminating gas. This also showed that larger quantities of illuminating
gas and ethylene are needed in soll to produce the same response by roots
exposed to corresponding quantities of gas with no soil. Possibly the soil
is acting as a buffer and is either absorbing or utilizing the ethylene,

When Catalpa seedlings were exposed for twenty-one days to illuminating
gas concentrations of 25% (1% ethylene) a swelling of the mein root appeared
(6). The increase was 2-3 times that of the normal thickness. The epidermis
was often cracked and sloughed off in places. Such cracks provide root rot-
ting fungi and bacteria a mode of easy entry into the root. Very serious
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stunting and even death can result from rcot rot irfections especially when
attack is promoted against young seedlings {75).

Ailanthus altissima seedlings were expcsed by Harvey and Rose (74) for
fifteen deys vo illuminating gas concentrations of ©.25 and 10%. The 0.25%
treatment gave sligiit swelling of the roots 3-4 cm helow the surface, while
the 10% treatment produced leay drop bteginning five irys after the gassing
commenced. By the end of the experiment, all leaves had tullen. When ethylene
was used instead of 11luminating gas, in concentrations corresponding to the
amount of ethylene present in the illuminating gas irn the above experiment,
very similar responses were cbserved. The lower ethyiene concentration({0.01%)
produced negligible swelling whilw the higher concentration (0.4%) produced
swollen top roots and leaf drop, cight days after the gassing started. Through
the examination of cross sections of the control plants and gassed plants, it
vecame evident that.the stelar region had remained unchanged, whil- the cortex,
extending into the phellogen layer, had increased in thickness, partly through
the increase in cell diameter and partly through cell division. This same
pbenomenon was szen in the gassed tomato and the Vicia faba plants (7h).

A number of tests were carried out with Gleditsia (Locust) seedlings
(74). 12Illuminating gas in concentretions up to 33% were used to fumigate the
roots. These high concentrations gave leaf drop, but no definite inJurles
were detected in the root system.

Briefly looking back on the above work brings out an interesting trend
in the pattern of damage produced by varying the concentrations of illuminating
gas and ethylene gas in the soil. At low concentrations, such as with the
radish and mustard experiment and the Vicie faba plants, the response seems to
be primarily a swelling of the roots. Howevei, when higher concentrations are
provided to the rool systems, the response seen in the root system is cracki:u
and sloughing off oi the epidermis in Catalpa. Ailanthus and Gleditsic
responded to higher concentrations by crcpping tkeir leaves.

Harvey and Rose (74) summarize the work carried cut by Kcsaroff, wncse
experiments found *that the symptoms manifested in the aerial parts of plants
due to illuminating gas being passed through the soil were similar to those
seen where the plants were exposed to droughty conditions. He further states
that injury is not necessarily due to conduction of toxic substances into the
leaves; however, this possibility is not to be overlooked. In experiments
conducted to determine the effect various transpiration rates had on the
plants' response to gas exposure, Kosaroff found that greater evapotranspira-
tion rates produccd gas type injury sooner than did lesser retcs of evepo-
transpiration.

A final experimeat was conducted by Harvey and Rose (74) with an
Ailanthus tree having an 8 cn diameter and a 3.5 meter height. They used
many surrounding A.lanthus trees as controls. By placing a glass tube 0.7
meters into th? soil and 0.6 meters from the tree, they passed illuminating
gas to the rocts of this Allanthus tree.” The gas was supplied at a relatively
constant rate starting on July 3. The first symptoms of injury were manifested
on July 14. Ti.e leaves of scme of tie young shoots growing on the side of the
tree where the gas entered the soil, showed signs of wilting. Three days later
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these leaves and others shriveled and died, but remained attached to ihe -
branches, In the middle of Septemter, the leaves which were apparently un-
affected initially, began to shrivel and fall. This tree had lost all its
leaves much sooner than the ucarby controls In our field work we have ob-

and still remained hanging on the branches.

Tr ‘he early 1900's quite a number of articles were writter, vhich re-
ported and described illuminating zas kill of vegetatior. Two of the more in
depth set of observations were made by umembar; of the M:ssachusetts Agricul:iure
Experiment Station in 1907 and 1913. 1In bo:h cases observations were made ¢ a
numoer of trees over an extended veriod of time beginning with the time of
first known gas exwosure. Some o their results are discussed halow.

Stone (75) reports that the pnisonous properties of illuminating gas are
largely confined +c the numerous products which are absorbed by the soil
noisture in small quartities, taken up through the roots and translocated
through the tissue. This is in conflict with Harvey and Rose (74) who carried
out a controlled experiment showing guite conclusively that the gases present
in the interstitial spaces in the soil were responsible for the toxic effect
of the gas or vegetation. Stone gives no data for his statement. Stone fur-
ther states that these substences are to be found in the tissue; howejer, the
response difrfers rciween species and even with different parts of the plant.

An ancnymous report (66) vy the Massachusetts Agriculiure Experimental
ctatlon describes gas injury in two classes: first incipient reses, then
prenowiced ceses. During observation of the-incinievl cases the bark has
been seen peeling off in very large strips, up to 6 feet long in American -elm
(66) and 2.5 feet long in quaniilg aspen (Populus deltoidec) (73). The bark ~
on the sides of these cracks was buiged out considerably and on clocer exam-
inaticn it was shown that a thick leyer of soft parenchymous tissucs extended
into the wood for a considerable cdistance. This abnormal tissue was formed
outside of the cambium trom which it seemed to have been derived. Remember
that Harvey end Rose (74) obs-rved A. aitissima leaves turning yeilow first,
then dropping off. The.leaves farthest from the source of water, i.e. those
at the top of the tiee and the ends of the branches, have been ot served to be
the first leaves to show signs of injury. These are the leaves which charac-

- teristically will be the first to show signs of water deficiency. It is the

work by Harvey and Rose (74) and others (67) which leads to the belief that
root demage at least plays a small role in the yelloring of <he leaves rarthest
from the roots and water supply.

Followirg the initiul irnjury to the foliage are characteristic changes in
+he wood and bark of the tree as was briefly mentioned above. The first
symptoms appear as a drying of th2 cambium and other tissues outside the wood
cr xylem. Later these tissues (cambium, phloem,and cortex) turn brown and
disintegration follows. These sbnormal conditions first take oplace in the
roots. but Stone states that later, as translocation proceeds, the poisonous
constitiuents may bte detected in the wood in the above-ground parts. A charac-
teristic odor can be detected in a cut section of the trunk after the roots
have been exposed to gas (66). Following aisintegration of the phloem, cortex,
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and camblum there is a change in the physicel properties of the bark, causing
it to dry out and crack open, exposing the underlying tissues (66, 73). This
may socn be fcllowed by fungal and bacterial Invasion. Species of rfungi in ]
the genera Polystictus and Schizospyllum have been isolated as well as the

bacterium Fenicillium. A corplicated process of wood decay follows which soon

e

makes the wood unsalvageable even for firewcod (755,

Stone (73) makes a final statement ccncerring the symptoms observed follow-
ing gas exposure of the roots. He states, "All the conditions refer m=rely to
the way in which a tree succumbs to gas poisoning, and do not necessarily
constitutz reliable symptoms of this tynme of ianjury, as these :zymptoms may be
found in trees dying from other cszuses. The tissue furnishes the most reliable
symptoms for diagnosis."

Stone (73) ha: carried cut a study, to observe the effect of illuminating
gas upon vegetation when provided to the above ground parts. He observed that
Kenilwcrth ivy, papyrus, tobacco, tomato-and others were damaged, while ferns,
mosses and liverwort were hardly nffected. He suggests that because the latter
group have evolved in time much earlier than the former, that they are tolerant
to a wider range of gas exposure. If this holds true, species such as palm
and giakgo tiee would be more tolerant to illuminating gas exrosure to above
ground portions than modern deciduous and conifers, e.g. black cherry, red oak,
i wrhite spruce, etc.
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In the spring and summer of 1934 Deuber (67) carried out an experiment
with the purpcse of recording the influence of various rates of flow and
quantities of a typical manufactured gas on the growth of three-year old
American elms (Ulmus americana). These trees were growing in clay pots and
were transplanted Just before gas exposure to pots containing one liter of
~ soil. Unlikc the work described up to this pcint, this manufactured gas con-

! tained no ethylene. Table 2 contains an analy:is of the gas used. In addition
i te the gassed trees, controls were transplanted and handled in a similar

; marner,
i .
: TABLE 2. ANALYSIS OF COKE OVEN GAS SUPPLIED BY
; NEW HAVEN GASLIGHT COMPANY
R
| Substances % Composition by Volume
Cerbon Dioxide  (CJ,) 1.70
I1lluminants 3.00
; Oxygen {02) 0.20
: Carbon Monoxide (CO) 6.70
| Hydrogen (He) . ' 51.00

(continued)
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TABLE 2. (continued) | : ~—r
' !
Substances ' % Composition by Volume 3
Methane (CHh) é5.90 |
Nitrogen (“é) 10.0
Naphthnlene (ClOFa) , 25
Sulpaur (S) ' : ' trace

Hycérocyanic Acid (HCN) . o

NOTE: Obtained from reference #67.

He exposed ten elm trees to various gas flow rates and various cuantities
of total gas supplied. The earliest symptoms observed were chlorosis of the
leaves and defuliation. Chlorosis generally involved the leaf margins first
and sometimes prcceeded no further., Usually the locwer-most leaves or. the main
stem or larger branches became chlorotic and abscised betore the yovager upper
leaves., This is in direct conflict to the pattern seen when tree:s sere gassed
with illuminating gas containing ethylene (74Y. The trees receivirg the high-
est quantities of gas in the shortest period oI time became defolisted within
five days. However, hoth trees produced an enormous emount of new shoots with-
in a month. The condition of these new shoots was unreported at this time. —_
The trees supplied with leszer amounts of gas gave a variety of responses
ranging from gradual defoliation over a three month period to siight chlorosis.
The tree in scil through which 7 cu. ft. of gas Lad been passed continued to be
normal in appearance except fcr a slight chlorosis at the bases of three leaves.
The following spring, these trees exhibited normal growth of tops and roots.
Deuber (137) has discussed in this same peper his personal observation of “rees
apparent.y injured by root exposure to illuminating gas leaks. He states,
"Rapid killing of a shade tree within a few 4nys Or a Tew weeks has been seen
occasiona'ly, hut the wusre numarovs cases are those in wnich chlorosis of the
foliage or: a portion of che tree and partial defoliation is subsequently
followed by the drying out and death of uppermost twigs, and the drying of
some branches and not others."

Other experiments carried out by Deuber in which woody plants were sub-
Jected to a "mixed illuminating" gas and, in scme instances, to ethylene, led
him to deccribe three classes ¢i’ plant physiological responses to this illu-
minaiing gas. The first response 1s stimulation, such as accelerated devel-
opment of latent buds and proliferation of root parenchyma., The second class
c¢f responses is injury, suca as; innibition of bud development and dwarfing of
leaves. The third response is killing effects, ranging from partial to com-
vlete defoliation. The type snd degree of the physlological resvporse of
small elm trees varied with time of exposure (season) and with the part of
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the plant exposed to th2 gas i.e. roots or leaves. :

~1
' Leuber (67) worked with ethylene in concer.trations of 1% to 5% in air

held about the bases »f rooted cuttings of privet or small oak trees and

, ‘ observed chlorosis, defoliation, and drying out of the jeaves on the top of

N the plants. He has conciuded from this snd his above experiment with illumi-

i nating gas thet "ethylene or geseous ingrediznts of similar phkysiological

: action on plants can explain the symptoms observed when relatively large
volumes of the coke oven ,as employed in this investigation are passed into
the soil in which small elm trees are growing'.

. SUMMARY

The deleterious effects of illuminating gas on many species of plants have
been observed, demonstrated, and reported frequently since the early nineteen
hundrecds. A few species have also been reported to be relatively tclerant to
the preseznce of illuminating gas in their root zcne. Tables 3 and 4 list these
tolerant and sensitive specles as reported in the literature.
TABLE 3. PLANT SPECIES RELATIVELY TOLERANT TO ILLUMINATING

' GAS AS REPORTED IN THE LITERATURE

Ccmmon Name Genus-Species
_ Birch (71) ' Betula

American Linden (7)) Tilia =2zericana
Rough Fruited Maple {71) Acer sp.
Norway Maple (76) Acer platenoides
Privet (67) : Ligustrum

Mosses (70)

Ferns (70)

Liverworts (70)

Locust seedlings (74) o Gleditsia sp
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TABLE L,

PLANT SPECIES RELATIVELY SENSITIVE TO ILLUMINATINC

GAS AS REPORTED IN THE LITERATURE

e ————

Common Name

Genus-Species

Syvamcre (71)

Silver poplar (71)
American Walnut (71)
Tree of Heaven (71)
American Elm (7C, 71)
Draccena {71)
Horsechestut (71)
Alder (70

Apple (70)

Ash  (70)

Boxelder {70)
Catalra (70, €7)
American Linden (70, 67)
Pear (70)

Poplar (70)
Eucnymous (71)
Willow (67) |
Cherry (07)

Silver Bell (57)

Red Oazk (67)

Black vak (67)
Bermuda grass {74)

Fuchsia (71)
Salvia (71)

Platanus
Populus
Juglans sp

Ailanthus altissima

Ulnus americana

Dracaena

Aesculus hippocastanum

Alnus

Malus
Fraxinus
Acer negunda

Catalpa bi,monioices
D .

Tilia americana

CUoOnymous ewropea

Salix

Prunus

Halisia caroliniana

Zuercus rubra

Quercus velutina

Cvndon dactylon

Fuchsia
Salvia svlendens

22




In most ~f the studies where gas was injected into the root zone the
leaves dried. Trees growing in the vicinity of illuminating gas line leaks
have exhibited simil:r symptoms as well as bark-peeling and tissue-staining.
Cthylene has been demonstrated to be one of the prime factors involved in the
toxic erfz~t of 1lluminating gas on vegetetion in.very minute quantities.

Effect of Carbon Dioxide on DMlsnt Growth

Since carbon dioxide can be produced in th: :scfose and in the soil
saturated with methane an investigation into w.tat effects this 20ild have on
plant growth ic in order. '

In our fi=ld survey councentrations of carbon dioxide in the soil rauged
fram less thin 1% to 344 of the soil atmrspher . : large percentage of these
readings wer2 in the 5% to 15% range (77). N.rmal coil carbon dioxide usually
renges fram 0.04% to 2% (17); therefcre, the lcvels recerded in the survey
are excessive.

In 161k H. A. Noyes saturr.ted the soil around tometoes and corn plants
with carbon dirxide. Beth syecies died i two weeks but there was no irre-
versiblc damage to the soil (16). Ruben and Kama in 1940 derionstrated the up-
take and fixation of carbun dicxide by barley roots. They used a radioisotope
tracer to show this but were unable to isolete the products of firation in the
plant (78). This was done in 1953 by Poel who identified the products of
fixation as citric, aspartic and glutamic acids, serine, asfaragine, glutamine,
tryosine and alpha-ketc-glutaric acid (7S). S%olwijk and Thimann in 1357 Cound
that the products of carbon dioxide fixation in tie roots of pea szedlings were
trensported to the shcots. They elso found that concentraztions of 0.57 zailon
dioxide stimwlated ro»>t growth but 1% carbon dioxide inihibized root growth (80).
Geisler found that exposing pea seedlings to 5 tu 250 milligrams of CO. per
liter in a hydroponic r:iviion stimulated roo: growth (8l). The stimulation
noted was in root elcagaticu; the roots were thirner and an increase in the
rate of lateral root initiation was also noted. Thiz stimulatory eftect of
low levels of carbon dioxide were attributed to the ability of the roots to
use it as a carbon source. I light of more i=z=cent developments it seems
more 1ikely that the carbon dioxide 1s compcting with ethylene for a receptor
site. This competition results in a more pronocunced auxin response. In-
creased cell elongation would be characteristic of this hormonal imbalance (82).

There has been a lot of work dorne on establishing tolerance in various
species to excess carbon dioxide in the root zone =~ A good deal of -ariation
in tolerance between species has been found. Cotton seedlings grown in
hydroponic solutions were able to exhibit optimum growth with 104 curbon
dioxiue present, provided at least 7.5% oxygen was also zresent. Trirty to
forty-five percent carbor. dioxide wes found to severely reduce root gcsowth
(17). Red and black raspberries were killed when their roots were exposed to
10% carton dioxide. The root growth in the species, Pisum sativum, Vicia faba
and Phasedus vulgaris, was comcletely inhibited by 5.5% carbon dioxide (18).

The ability of carbon dioxide to disrupt the normal function of.root cells
was investigated by Horris, Weigand and Johanson in 1959, Excised onion root
tips were exposed to an atmosphere of 90% oxygen and 10% carbon dioxide. The
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rate of respiraticn was halved and when the same {issue was flushed with pure
oxygen thue rate continued to halve, This was attributed by the authors to be
due to verusanent damage to the cells caused by dissolved carbon dioxide low-
ering the pH (19).

Effect of Low Oxygen on Plant Growth

Lo~ ‘:oncentrations of oxygen nave been reported in the soil near natcrel
gas leaks (13). A similer situation hac been found both on and adjacent to
sanitary landfiils. In this study oxygen concentrations in the scil on land-
fills were found to range from .% to 20} o the soil atmosphere {77).

In 1945, Chang end Loomis conducted a general survey of the lit-rature
and concluded that plants would survive concentrations of cxygen irn the root
zone of one to two percent. They als¢ concluded that most plants should
tunction norrmally at oxygen concentcations ranging from five to ten percent
(83). There is, of course, a good deal of varizbility between the cafferent
spe:les in their tolerance to low oxygen concentrations in the root zore.
Ore.pwe tree roots stopped growing when oxygen levels were between 1.2 and
5% and were 1ctarded at concentrations of 5% <o 2% at 28°C (84). Apple trees
were found to require 10% oxygen for good growtn to occwr but they could
survive ccncentrations as low as 0.1% (85). Ten percent cxygen was fowd to
innibit the growth of both red and biack raspberries (18).

digher temperatures were found to jncrease ti: need for cxygen in growing
recots (13). A dense soil will also increass the need for oxygen at the growing
rcot tip.  This is believed to be due to the e=xtra work that nhas to be dons ',
the root tips as th2y push their wsy through the s0il (86).

Sustained low oxygen conceitrations in the s5oil have been found to rasult
in mineral deficiency symptoms in the prlant. Fotassium is usually the first o
occur and it is fcllowed in order of appearance by nitrogen, phesphor:s,
calcium and magnesium (87, 18). :

EFFECTS OF LANDFILL GASES ON SOIL QUAT.TWY

In investigations of tie effects of natural gas (methane} leaks on phy-
sical properti_s of soils, several investigators (89, 13. 90, 15, 91" reported
increases in pH, orgauic ma:ter, available phosphorus, calcium, potassium,
iron, manganese, nitrate-ni-.rogen, ammonia-nitrogen, and moisture content in
aveas arcund the gas leaks 1is compared with normsl soil away from the leaks.
In some cases the fertility of the soil was increased by leaking ge8s tou the
point that c¢rops such as wheat and oats grew better on the guasrted solls thon
on normal soils (90). The fact that the ratio of organic matter to nitrogen
was genevally lower In the gaissed soll led to the conclusion that. the soil
alterations were probably du: to the activity of micro-organiscis under anaer-
obic conditiouns.

The reason for the utseirved Increases in concentrations .f nitrogen

compounds and trace elerents in gas::d solls undoub*edly lies in the low
redcx potential of these solls, as has been documeuted for similar responses
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of soil to flooding conditions (92, 93, 94). When oxygen disappears from the
soil, requirements of anaerobic soil microorganisms for a source of oxygen
results in the reduction of several oxidized compcunds namely nitrate, nitrite,
end the higher oxides of manganese, and iron. These reduced forms are gener-
ally more soluble and hence are made available to plants. Availability of
cuher trace metals occurs as they are displaced by ferrous ions from the ex-
change complex to the soil solution.

The trend to neutrality in pH is provably caused by the buffering ~ffect
of crganic ncids released by the microbial breakdown ol organic matter.

Th= consequences of these soil changes in 1andfills have yet to be evalu-
eted. At this tire it is considered that these soil ~7ondi*tions contribute to
the demagr done to vegetation, althougi to a lesse:” cegree than does 'the
presvnce of landfill gas. However, the presence oi° ammenia-nitrogen or of
truce ¢lements in toxic concentrations nigiit haster: the death of vegetation
already debilitated by the presence of tcxic gases and/or the lack of oxygea
in the root atmcsghere.
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SECTION v

NATTONAL SURVEY OF PROBLKM

MAIL SURVEY OF VEGETATION PROBLEMT ASSOCIATED WITH KEFUSE LANDFILLS
Procedure

The investigation to determine the geographic extent of rroblems assc-
ciated with growing vegetation on completed landfills was conducted in two
stages, the first of which was a mail survey for the purpose of obtaianing
prelimirary irforration on the location of and the vegetative condition of
former sanitary landfills which have been converted to parks, playgrounds,
golf courses or other types of recreational areas.

On the basis of information obtained through tae mail survey, specific
landt'ills were selected for site visits, so that the nine climatological
regisns of the United States and territorics (Figure 1) prcposed by Trewartha
in his textbook entitled An Introduction to Climate were covered,

Avproximately» 1,000 lctiers were sent to peopl2 and publications through-
out the United States explaining that we were undertaking a survey to deterrmine
the extent of probliems associated with growing vegetation adjacent to, znd on
top of complire.ed solid waste refuse landfills.

Appenalix A is a copy of the basic letter sent to most of these people.
A total of seven .l1ifferently worded letters was sent. However, a majority
of the people receivirg the letters of inquiry received the besic letter.
Most of the other six leiters contained only slight modifications of the
letter in Appendix A. The modifications were nade to accommodate the ciffer-
ent auiiences. The letter in Appeniix A was veproduced by the Itek system.
The address and salutation for each letter rclinient were individually typed
and each closing signature was individually written In cases where ihe
letter sender, Franklin B. Flower, personally knew the recipients cf the
letter, an additional personal poctscript was added to the letter tc encourage
their response.

A questionnaire (Appendix B) and a stamped, sclf-addressed envelope

were enclosed with =ach letter. The questionnaire requested the names and
aGdresses of landfills which have had problcms growing vegetation abova them
or adjacent tc them and the names and addaresses of landfills which have teen
successful in growing grass, shrubs, trees or other vegetation. Comments on
the effects of buried refuse on living surface vegetation were also scught.
The enclosed self addressed, stamped envelope enabled the recipient to easily
return the questionnaire. The questionnaire was designed so that it would
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tak= & minimua amount of effor’ to complete but would suppiy information which
would enable us to locate thos2 rcrlfuse landfills which showed the best and
poorest vegetation growth associated with them. We included a notaticn that
could be check-marked to indicate that the person completing the questionnaire
would 1like to obtain a summary report of the results of the completed study.
It was felt that this would encourage the recipient to complete aad return

the questionnaire.

Appendix € listis the sovrces fror which we obtained the addresses of the
recipients of the questionnalres and the number of questionnaires sent to

each of these groups. The S:ate Soil Conservation Scrvice Office, the Director

of the Cooperative Extension Service, and the Solid Waste Management Office in
every state and territory received this wrivten request for information. The
thirty-three publications with which we communicated were the major publica-
tions of the sclid waste raragement field. Mailing of the questionnaires to
people un the varicus registration and memhership iists was done on a selec-
tive basis. The 130 mailings listed under “otner" included consultants;
landfill opzrators; directors of county, city and municips: solid waste man-
agement programs; educatoers; etc, rhe nhames and addresses of many of thase
"other" people were obtained from -he renlies received from earlier mailings.

The State Soil Conservatiou offices in Alabama, lowa, and Texas made
coples of our letter and questionnaire which they furwarded to their regiounal
(county) offices. After assembling the data, they returned to'us either the
individual replies or a conpilatinon of the replies. At the request of the
individual State 30il Conservation Service offices, we sent questionnaires to
each regional office in New Jersey and to twelve of New York State's regional

oftices.
Results

Approximately 50C replies were received from the survey in addition te
the 4O retirimed by the Fost Office as undeliverable. Of these, 115 indicated
they had no knowledge of the situstion. The balance of the repiies contained
information on approximately 500 refuse landfiil sites.

The results are summarized in Table 5 according to the major climatic
zones as outlined in Figure 1. whici follows the climate types presented in
An Introduction to Climatc by Glen T. Trewartha, hth edition, 1968.

Adding the number of sites reported in Table 5 with no problems growiag
vegetation to those repoirting growing probless on and/or adjacent to the lani-
fill gives a total of Sal, or 37 mo e ‘nan the total number of sites reported.
This apparent inconsistency is due <0 *wo or more conditions being repprted
to exist concurrentls at some landfills.

The mail survey vresults indicate that of the sites reporting:

7% were growing vegetation without prcblems;

254, had probiems growing vegetation on the soil cover;
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T% were experlencing difficulty in growing vegetstlon adjacent to the
landfill;

17% were successfully growing trees on the landfill;

3% grew grass successfully on the landfill;

12, grew shrubs successfully on the landfill.

No significant difference was noted in the degree of problems reported
from landfills located in tne different meterological zones (Table 6). Six-
teen or more reports were received from each of the five climatic zones. Of
these, the percent of sites repor. ing no growing rroblems ranged from 72% to
77% and the percent reporting scx¢ kind of vegetative growth problem varied
from 30% to 48% of the total rumer of sites reporting. Table 7 summarizes
the results by states.

Thirty-eight replies comme~*ed on the possible causes of vegetation
growth problems or refuse landriiis and what should be dcne about them. The
most frequently reported suggesii.ns and the percent or peonple reporting each
suggestion were:

L7% - Use or develop a good quality soil and gcod cultivation practices;

32% - Landfill gases inhibit vegetation growth;

32% - Use more than two feet of cover for gool vegetation growth;

26% - Grov. grass or other shallow-rooted crcp;

13% - Vent or block landfill gases to keep them away from the root zone

of vegetation;

11% - Consider adaptable species;
% - Leachate causes vegetation growth problems;
11% - Well-compacted refuse wili enhance vegetation growth;
11% - Good surface Arainage enhances vegetation gruwth.
While the major reason reported for poor vegetation growth was the lack
" of good soil and/or poor cultivation practices, a high percentage of those
reporting did give the presence of landfill gases as a major cause of this
poor growth. Others suggested various methods for keeping tlie gases away
Trom the root zone of vegetation as an aid to better growth.

Altihhough we have been able to produce very nice tables from the data

obtained from the mail survey, the degree of accuracy of this data is suspect.
In the section of this report which gives the results of the field visits
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TABLE S. LANDFILL VEGETATION CROWIH RESULTS BY CLIMATIC ZONF
AS REPORTED IN MAIL SUEVEY

Vegetation .
Major Climate Total Number Growing Growing Problem Total #
Zone With Adjacent to |On Covered |-Sites
Symbol Name N¢ Problems |Grass |Shrubs | Trees [Other | Landfill Landfill |Reported
Ct Subtropical ' .
Humid 83 70 8 2k 10 5 32 112
Dct Temperate
Continental .
Cool Summers 25 15 2 5 2 2 8 _ 33
_"" Dca Temperate
- Continental .
1] Hot Summers 223 192 36 L1 22 2L 53 291
2 8 BS Steepe or
v A . .
§ Semi-Arid 13 8 - 1 1 2 -6 18
’ Cs Subtropical
! Dry Summer 18 ML 13 12 12 -- ? 10 25
: Bw Desert or Arid 2 1 -- -- -- - -- 2
Do Temperate Oceanic 8 7 - 3 - - 9
Highland 6 6 -- - - - &
Aw Tronical
vet and Dry -- -~ -- -- - -- - 0
Ar Trepical Wet ~= - - -- -- -- 1 1
A Tropical (Hawaii) 6 6 L 2 -- - L 10
TOTAL 38k 319 52 88 35 33 127 507
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TABLE 6. COMPARISON OF VEGETATION GRCWTH PROBLEMS BY CLIMATIC ZONES

Major Climate . Number Percent - . Percent - Percent -
Zone Stations No Growing Problems Growing Procblems Growing Veg.
Symbol Name Reporting Problems " Veg. on Landfill Adjacent to Landfill
Cf Subtropical . ) '
Humid 12 b 29 3
Deb Temperate
Continental
Cool Summers 33 76 2L 6
Dca Temperate
Continental .
Yot Swmmers 291 77 22 8
BS Steppe or
Semi-Arid 18 72 33 1
Ca Subtropical

Dry Summer 25 72 40 8
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TABLE 7. RESULTS OF MAIL SURVEY BY STATES AND TERRITORIES
No. Problem Problcms Total No.
Problems Adj. On Sites Reporting
Alabama 17 0 1L 31
Alaska 0 0 0 No Ld.Fls. Reptd.
Arizona € 2 2 9
Arkansas 7 2 5 12
Califorria 20 2 1 28
Colorado 0 0 ‘ Cc N> Ld.Fls. Reptd.
Connecticut 1 2 10
Delawafe 11 2 0] 11
District of Col. 3 0 1 3
Florids 7 0 1 8
Georgia 1 0 J 1
Hawaii 6 0 L 10
Idaho 5 0 0 5
Illinois 5 0 2 T
Indiana 12 0 0 12
Iowe L& 0 p) 51 (might be
some overlap)

Kansas 0 0 o (0]
Kentucky e o) 0o 9
Louisiana 1 o 0 1
Maine 0 0 0 No Ld.¥ls. Reptd.
Maryland 16 2 Yy 20

{continued)
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TABLE 7. (continued)
~
No. Problem Problemé Total No.
Problems Adj. On Sites Reporting

Massachusetts 7 1 3 1L
Michigan | 7 2 0 9

{ Minnesota _ Y o] 1 5
Mississippi 0 0 6 6
Missouri 2 0 o 2

t Montena 3 . 0 2 3

' Nebraska 1 0 0 1

! Nevadia 0 0. 0 No Ld.Fls. Reptd.
New Hampshire b 0 : 1 5

l New Jersey 30 8 11 - Ls

' New Mexico 2 o) 1 3
New York 27 3 15 k1

T North Carolina 12 0] 1 13

i North Dakota 5 0 0 5
Ohio 12 2 11 22
Oklaiioma 5 0 2 . 5
Oregon 8 0 1 8 4
Pennsylvania 11 0 5 16
Puerto Rico 0 0 1 1
Rhode Island 2 3 2 7
Soutl. Carolina 13 1 1 15
South Dakota 0 0 0 0o

(continued)
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: TABLY 7. (continued)
i No. Problemn Frobhlems Total No.
; Prcblems Adj. On Sites Reporting
g Te'nessee L 0 o} ' ﬁ
? T:xas 19 0 3 19
! . ‘Jtah 2 0 Il 2
| Vermont 2 G 0 2
Virginis 13 1 6 19
Wash.ngton 1 0 1 2
West Virginia 2 | 1 0 2
Wisconsin . 6 J 1 6
Wycming 0 ¢ 0 No Ld.¥ls. Reptd.
GRAND TOTAL 384 33 127 507
~

NOTE: Some .andf-.}ls are listed in more thar one category
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and examinetions, we have coirpared tuae Ilnforration received by mail and what
was found in the field. This camperisun inilcates thet one-third of the
reports received by mail mey have been ineccurate,

STTE SURVEY OF VEGETATION PROBLEMS ASSOCTATED Wil!! REFUSE LANDFILLS

IntrLducttgg

Fram the completed questionnaires received in response to the mail surv.y,
landfill sites were selected which showed the “est and the pcorest vegetation
growth assoclated with refuse landfills in the fcllowing nine climatic areas
(Figure 1); '

(1) Ar - Tropical wet.
(¢) bd = Steppe or semi-erid.
(3) Bw - Desert or arid. .
{4) Cf - Subtropical humid
(5) Cs - Subtropical dry summer.
(6) uca - Temperate contirental-warm summers.
(7) Dcv - Temperate continental-cool summers.
(8) Do - Temperate oceanic.
(9) H - Highland.
Procedures

Before planning the site visits, an inventory was made of all the equip-
ment required for making the landfill vegetation and soil studies (Appendix D).

The following field procedure was designed to insure the maximur possible
data 1rom each landfill site visited. Field data were recorced on fieid
inspection report forms (Appendices E and F).

L. After arriving at the site, preferably one involving the growth of
trees and/or agricul*ural crops, with field equipment (Appeniix D) communicate
with the official contacts and make friends.

a. Obtain a history of the site and the vegetation growth from the
local officials. Find out what materials went into the landfill, how
well they were campacted, how deep is the refuse, when it was put in the
landfill; thickness and type of daily, intermediute and final cover, etc.
Find out when vegetation was planted and how well it is growing.

Y. Record names, addresses, and telephone numbers of all contact
persons. Record physical and mailing eddresses of the site.

2. Meke or obtain a rough map of the site noting areas of poor end xood
vegetation growth.

3. Ectablish reference points to and from which compass bearings can be
taken and distance measurements can be made so that an accurate map can be
made and the good and poor vegetation growth areas can be located accurately
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in relation to ine completed fill. This map should include the location of the
completed landfill, vegetation, bulldings, and where pictures were taken.

L. fTuke distsnce mcasurcments and compass directions to reference points
from the centers of the poor vegetation growth areas or from a specific loca-
tion within the pcor vegetation growth area.

5. When the poor vegrtation grcwth arcas are located place or locate a
reference marker in this area. Locate it at the center of.the poor growlh or
at the spot previously located in nurber 4. All sampling points in the poor
vegetation growzh area should be taken in relation to the reference marker.

6. Pepeat numter 4 and number 5 for a comparable good vegetation growth
area where the same specles of crop is ueing grown as in the poor grcwth area.

7. Starting at the reference marker and moving out in as many directions
as possible, teke combustible gas readings at the 3' depth in the poor and
good vegetation growth areas. The spacing and number of the sampling points
will be determined by the size of the poor growth area and the amount of time
available. - '

8. At intermediate campling points in both areas take combustibie gas
samples at 1', 2', and 3' depths. Sample for O, and CO, at the 1' depth.
Where possible, intermediate sampling sites shotild be 1Gcated in the vicinity
o sampling sites that were previously found to contain high concentrations of
combustible gas at the 3' depth.

9. Take soll samples according %o soil sampling procedure (Appendix G).

10. 1Identify species of the good and poor growth vegetation and the poss-
ible causes of poor groivth.

11l. Photograph the site including good and bad vegetution sampling loca-
tions. Record locations of photogracshs. Include vistas ard close-ups of
individual plants and/or leaves shcwing injury.

12. Sample and analyze any visitle leachate which is in a vegetation
growing area. Follow leachote sampling and analysis procedures {Appendix H).

13. Give contact people a general oral presentation of your observations
and test results. If they request it, send them a copy of the report at a
later date,

1k. Record the following temperatures and their locations.
a. On landfill

1. Soil at 3' depth in aree of poor vegetation growth and a
Liigh concentration of lend{ill decomposition gases.

2. Soil at 3' depth in area of good vegetation growth.
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v. Off landfill
1. IAt 3' depth in an area not influenced by landfill.
2. Soil af 3' depth in arca of poccr vegetation growth.
c. Ambient alr in the shade.

15. Determine depth of cover over landfill refuse in areas of poor and
good vegetation cover.

16. Note: Report date on "Landfill Vegetation Field Inspection Form"
{Appendix £) and "Gas Sample Analysis Form" (Appendix F).

Evaluation of Landfills Surveyed

Introduction '

During 1975, 1976, and 1977 over fifty landfills and former landfills
were visited throughout the United States and Puerto Rico (Figure 2) for the
purpose of evaluating the gquality of vegetation growth on or adjacent to the
former landfill. '

The sites visited were chosen from the replies received from the mail
survey supplemented by information obtained via telephone conversations. A
half-dozern additional "landfills" were visited, but for various reasons they
are not included in this report - in some cases they turaed out nct to be
true refuse lendfills and sometimes we were not able to obtein encugh infor-
mation to present reliable data.

The rerzits on the field trips are grouped by major climatic zones.
These =ie arranged in alphabetical crder according to their letter symbols.
The detailed data are contained in Appendix I.

Landfills Surveyed According to Meteorological Regions

Ar - Tropical wet climate (Puerto Rico, 3/21-24/77)--The fo‘llowing three
sanitery landfills were investigated in Puerto Rico between March 21 and
Marczh 24, 1977:

3/22/77 - San Juan Sanitary Landfill
Route #1, 7 miles soutn of San Juan.

3/23/77 - Bayamorn Sanitary Landfill
Barrio Buena Vista, 4} miles SSE Bayamon along
Route #167.°

3/23/77 - Cayey Sanitary Landfill
3 miles east of Cayey off Route #l.

All of these landfills receive municipal and light industrial refuse.
Bayamon was closed in 1974 by a court order whereas San Juan and Cayey are
still operating. No attempts to vegetate any of these landfills was under-
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~aken; however, volunteer plants were scatterecd about the surface of San Juan
and Bayamon.

On the San Juan landfill combustible gas was found to be higher in the
areas where vegctation died than in areas which supported healthy vegetation.
The root zone beneath a severely defoliated legume tree adjacent to bayamen
landfill contained higher, combustible gas concentrations than a nearby healthy
tree. Nc vegetation was grrwing on the Cayey landfill, and there were no signs
of laterzl gas nigration.

in summary, combustible gas concentrations in the soil atnospheres relate-
positively to dead and vnhealthy vegetation.

BS - Steppe or semiarid climate (Utah and Muntansa, 8/30-9/3/7¢)-~Four
fcrmer landfills were e<amired in northern Utah and wesiern Montana:

8/30/76 - Pioneer-Cannon Stakes Dairy, Salt Lake City, UT.
8/31/7¢ - Timpancgos Golf Course, Prove, UT.

8/31/76 - South ttreet Sanitary Landfill, Provo, UT.
9/03/76 - Creat Falls Conitary Landfill, Great Fulls, MT.

All of these sites wer planted with vegetation. lowever, only a minor
part of Timpanogos Golf{ Course was constructed over a former laidfill, and
the Russian olive trees planted at the South Street Sanitary Lardfill were

e 2ctially adjacent tc the former landfill. Correlations between high combus-
tible gas and pcor vegetation quality were noted at Great ralls and to a
lesser extent at Pioneer-Cannon Stekes Dairy. The row of olive trees at the

* Soulh Street Sanitary Landfill were planted on a berm, adjacent to the land-
fili, to which no combustible gas had migrated.

BW - Desert or arid climate (Phoenix-Glendale, Arizona, 1/17-1/20;77)--
Five former landfills were examined in the Fhoenix and Glendale region of

Arizona:
1/18/77 - Lel-Rio Senitary Landriil, Tth St., Phcenix (A)
1/18/77 - Deer Valley Park, 19th Ave., Phoenix (B)
1/19/77 - Johnson's Farm, Olive Avenue & »t'th Avenue, Maricopa Co. (C)

1/19/77 - Glendele Nursing Home, Olive and 107th Avenues, Maricopa Co. D)

1/20/77 - Sutton's Farm, Northern Ave. and 103rd Ave., Maricopa Co. (E)

Combustible g.s concentrations were generally low in the soil covering
the refuse of these five landfills. No reiation between combustible gas
concentrations and vegetation quality were found at sites A, B and D and =
very small negative relation (the more gas the poorer the vegtaticn) were
found at sites C and E. The major rroblems with growing vegetation on these




flve sites eppesr to be a combination of rocky soil lack of water, surtfece
settlement, and transplanting difficulties.

Soil temperatures did no*t appear to be cecrrelsted with the viability of
vegetation on any of the sites. ' .

Cf - Subtropical humid climate (Soutinern Alabamz, £/15-2L/7€)--Seven
! former landfills were examined in the southern purtion of Alabama:

3/16/76 - Montgomery #2 Wareferry Road, Eait Montgomery.

: 8/17/76 - Selma Sanitary Landfill, Route 80, Selma.

8/17/76 - Montgomery #1 Sanitary Landfill, Montgomery.
8/18/76 - Gautier St. Landfill, Tuskegee,
8/19/76 - 01d Dothan City Landfill, Ashford.

8/20/76 - Atmore Sunitary Landfill, Escambis County.

8/23/76 - Chatom City Lardfill, Chatom.

A correiation was found between dead or poorer quality vegetation and
presence of combustible gases in the soil sites at Montgomery #1, Gautier St.,
0ld Dothan City, and Atmore. Little combustible gas was found at Mentgomery
#2 and Selma sites and no combustible gas was found at the Chatom City land-
flll

Cs - Suotropical dry climate (San Francisco-Los Angeles, California, 1/76)
--In the San rFrancisco area five sites, all of which were reclaimed from San —’
Francisco Bay by diking, were selected for investigation. The refuse ranged
in depth from 15 tc 40 feet, and in age from recent to over 80 years. The
cover material on these sites tended to be very heavy clay, but i< was fre-
quently used very sparingly. As of January 1976, three of thess sites {Marine
Park, Galbraith, and Alameda) have been converted into golf courses; the
remaining twe (Mountain View and Oakland Scavenger) will become golf courses
when filling is completed. All three golf courses have been developed success-
fully, dbut only the Marine Park site has not cxperienced serious problems with
vegetation.

The three golf courses are located on refuse which contains a limited
amount of putrescible material. The two landfills still to be converted into
golf courses are said to contain much more putrescible refuse. This could re-
sult in more extensive problems with settlement aud landfill gases than expe-
riennced at the other sites. A positive relationship was found between high
concentrations of landfill gases and poor growth of cypress and Monterey pine
trees at the Oakland S:avenger Company's Davis Street Landfill.

Four former landfills, all con- tructed by tine Countv of Los Angeles Sani-
tary District, were examined in the Los Angeles area. They were the South
Coast P~tanic Garden, South Coast County Park, Mountaln Gate Golf Course,
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and Mission Canyons #l1, 2, and 3. All of these landfills have & maximum depth
of at least 100 feet. A mixture of municipal and irdustrial waste was deposited
at the South Coast Botanic Garden and South Couast County Park sites which are
located In former diatomaceous earth mines. The remaining landfiils, which

were constructed ir canyon:, contain primarily municipal refuse. The Los
Angeles landfills had considerably more cover material than those in the San
Francisco area.

A considerable effort has been put into replanting these landfills by
governmental agenciles and private concerns. ‘ne results wer< the mostT success-
ful we observed on our %our of sites throughout the country. All of the sites
have had problems due to settlement, landfill gases or high snil termeratures,
These problems, however, didn't «prcer to seriously detract from the overall
snccess of the sites.

At the South Coast Botanical Garden a direct relatiuvnship was observed
between the poor growth of vegetation and the occurrence of land1rill gases in
the soll. There was also found a direct relationship between the occurrence
of high sail temperatures and poor growth of vegetation. A direct relationship
between the occurrence of landfill fases in the soil and the pocr growth of
wvoogatation was also observed at the South Coast County Park, Mission Canyon
Landfill, and the rouiiain Cate Golf Cqurse.

Lca - Temperate continental-warm summer climate (Northeast Unitea ciatoc)
--During 1975 and 1976 the following 12 landfills were visited ir the werm
sumner temperate continental climatic region:

6/19/75 - Huuter Farm, Cinnaminson, NJ.

6/2L/75 - DeEugenio Bros. Peachtree Farm, Glassboro, NJ.

7/31/75 - University of Connecticut at Storrs, Storrs, CT.

8/01/75 - Farmington Sanitary Landfill, Unionville, CT.

8/06/75 - Holyoke Sanitary Landfill #1, Holyoke, MA.

8/06/75 - ilclyoke Sanitary Landfill #2, Holyoke, MA.

4/08/76 - Erlton Park, Cherry Hill, NJ.

6/29/76 - Ker.ilworth Demonstration Landfill Project, Washington, DC.
10/1Lk/76 - Holtsville Sanitary.-Landfili, Brookiaven, L.I., NY
10/14/76 - Kings Fark Sanitary Isndfill, Sm’thtown, L.I., NY.
1¢,25/70 - Huntington éanitary andfill, Huntington, L.I., NY.
10/15/76 - Bethpage Sanitary Lardfill, Oyster Bay,. L.I., NY.

Eight sites (Hunter Faru, DeFugenic Bros., Farmington, Jolyoke #2, Holts-
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ville, Kings Park, Huntington, and Bethpage) have dead trees and/or pocr grow-
ing vegetation directly associated with the presence of landfill gases in the
soil. However, the concentration of landfill gases at Farmington was very
low.

At two sites, Kenilworth 'and Sterrs, combustible gas correlated with poor
growing vegetation in some instances; however, not all poorly growing vecgeta-
tion was associated with the presence of combustible gas,

It appeered that poor plenting'practices and tke lack of irrigation were
the major contritutors to the demise of trees planted on the former landfills
at Kenilworth and Erlton Park.

Holyoke 41 was used as landfill for incinerator ash. lo combustible gas
was detected on or adjacent to this landfill.

Seven of these landfills (Hunter Farm, DeFugenio Bro:., Folyoke #2,
Holtsvilie, Kings Park, Huntington, and BetLhpage) exhibited the correlation
of landfill gases in the soil atmospheres and vegeta-ion death in areas
adjacent to the landfill., All seven landfills had been placed in former
sand and gravel pits.

“cb - Temperate continental-cool summer rlimate (Mortheast United States,
8{75}—-The fcllowing seven landfills were irspectzi during August, 1G75:

8/7/75 - Roussel Park, MNashua, NH.

8/11/75- Guilderland Landfill, Guilderland, IIY.

8/12/75- City of Auburn Sanitary Landfill, Auburn, NY.

8/18/75- Southeastern Oakland Incinerator Authority, Oakland Co., MI.

8/19/75- Cereal City Landfill #1, Battle Creek, MI.

8/20/75- Cereal City Landfill 42, Battle Creek, MI.

8/21/75- Kalamazoo Landfill, Oshtemo Twsh, MI.

There appeared to be no definite relation between vegetation iniury and
landfill gases at the Roussel Park cr Kalampazoo Landfills. However, an ex-
cellent positive relationship was roted between high concentrations of land-
£ill gases in the scil atmosphere =2nd dead or dying vegetation at the Guilder-
land, Auburn, Oakland and Cereal Cicy landfills. At the Gakland and Cereal
City landfills the major vegetation death problems were associated with
landfil) gases migrating from the landfill berezth the ground. The following
vegetation was apparently injurea or killed by landfill gases:

Guilderland - volunteer aspen, sumac, and weeds

Auvbwrn - willow trees
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Oskland - lombardy poplar and bla¢k oak trees, weeds and grass
Cereel City #1 - red pine Lrees, weeds ané grass

Cereal City #2 - white spruce, douglas fir, white fir, and shagbark
hickory trees .

Do - Temperate oceanic climate (Washington and Oregon, 6-7,/7€)-~Two
former landfills were examined in Seattle, Washington: FEast Campus of the
University ot Washington and Genesee Street Park. In Oregon two former land-
fills were evaluated: Day Island in Eugene, and Fowler's Farm in West Calem.

.An excellent direct relationship was found between dead vegetation and/or
barren ground and the presence of combustible gases in the soil atmosphere and
anaerobic soil conditions a% the two Seattle sites and at Day Island. The
death of trees adjacent to l'ay Island was correlated positively with the under-
ground migration of landfill gases from the landfili. High scil temperatures
were 8lso found to be associsted with landfill gases at Dav Island.

The wheat field at Fowler's rarm was growing over a ormer demolition
landfill which produced only traces of combustible gas. VWhere the soil had
not settled Lhe wheat growing over the demclition material appeared to grow:
as well as that growing on nearby virgin ground.

H - Highlands climate (Idaho Falls, Idaho, 8/30-9/6/76)--The three former
landfills which were visited in the Highlands climate regio; were:

9/2/76 - Fremont Park.
9/2/76 - Red Zdaron alfalfa field.
9/3/76 - Idaho Falls Child Development Center.

A good positive relationship was found between high combustible, gas and
poor quality vegetation at the Red Baron alfalfa field site, but at the cther
two sites very little landfill gas was fourd in the vegetation root zcnes.
Therefore, no direct relationship was observed between the poor vegetation
crowth and the occurrence of landfill gas pollution in the soil atmosphere at
these two sites.

cffects of Landfill Gases on Soil Quality

Top and subsoil ssumples from each of the nine climatic regions wetre ana-
lyzed for content of major and trace nutrients, pH, moisture, organic malter,
conductivity and for soil texture. Data for landfills within each region were
averaged (Appendix J, Tables 1-C) and analyzed statistically by Student's "t"
test, where data were sufficient. Table J-10 contains & summary of all. the
topseil data erxpressed as percent change (+ or -) in each constituent as the
soll proceeded from a non-ges to a plus-gas condition.

The initial content of nutrient elements, as well_as the pH of soils, in
different landfills and among climatic areas varied widely. However, there
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was little aifference in contenty of major nutrient elements (magnesium, phos-
phorus, potassium, and caicium) between gassed and ungasced soll. Since these
elements are nornally present in scil in nundreds or thousands of pounds pecr
acre, a small. percentage fluctuation in content would have a negligible effect
on planit growth.

Nitrogen compounds (NO_-N and NH, -N) and trace el.ements (iron, manganese,
zinc, copper, and buron) whfct arc normally present ia much lesser quantity,
increased many fold in soil with high concentrations of gas in their atmos-
pheres. In particular, the ratio of iron tc manganeze, a critical value in
soil fertility, was frequently sbove the recommended range for adequate plant
growth. .

Conductivity which is a measure of total ion activity was. understandably,
increased as well.

So0il pH was either increased or decreased, depending on th: original con-
dition of the soil; the pH of highly alkaline soils, such as those in Utah
(steppe) and Idaho (highlands),drcreased, while “he more acid so.ls of the
Northeast and Northwest increased in pH value.

Comparison Between Field Observaticns and Maix Survey Reparts ol Larndfill
‘Jegetation Conditions

Approximately 60 refuse landfiils were visited during the 1975-77 field
survey of landfill vegetation conditions. Thirty-seven of these had been
reported through the mail survey prior to the field inspection. A comparison
of what was reported by mail and what was found in the field indicated that
about 23 (62%) of the responsec were correct ana atout 14 (38%) were inaccu-
rate.

The apparent conflict between what was reported by mail and what was
found in the field for more than ore-third of the reports was possibly due,
in part, to errors in Interpretation or the information supplied and to having
many of the mail survey guestionnajres completed by people who had not person-
ally examined the landfill sites to determine the condition of the vegetation.

Table B presents the vegetative growth information reported vy mail and
ihe field cbservations from the sane sites. The apparent accuracy of the
mail survey report is given for each site. It was sometimes difficult to
evaluate the accuracy of the mail report as simply either good or poor, siuce
in a number of cases tizld examinav-ion indicated that part ¢’ the report was
found to be correct and part Incorrect.
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Landfill
Montgorery, Alabama

grass, trees and
shrubs

volunteer vegetation
on site, mostly weeds

TABLE 8. COMPARISON BETWEEN FIELD O3SERVATIONS OF LANDFILL VEGETATION CONDITIONS
AND REPLIES TO THE MAIL SURVEY OF VEGETATION CONDITIONS
Accurecy of
-Climate * | Site Reported by Mail Observed in Field Mail Statemcnt
Ar San Juan Landfill Problems on the Iroblems on landfill Good
San Juan, Puertc Rico| landfill
r———-— -
Bsh-Bw Deer Valley Park Problems on landfill | Crass doing poorly Good
Maricopa County Cause not known
Arizona
Bsh-Bw 7th Street Landfill Problems adjacent Dead treec near adja- Good
Phoeni«, Arizona to landfill cent homes observed
Bsh-Bw 103rd Ave. Landfill No problems Had been farmland Poor
Maricopa County Farming was abandoned-
Arizona due to settlement and
ges
Bsh-Bw Olive Ave Landfill No problems grass Landfill converted *o a Good
Maricopa County on landfill nursing home, grass and
Arizona trees doing well
Bsk Great Falls S.L.F. No problems on Wheat crop on landfill Poor
Great Falls, Montana landfill failed '
Bsk Pioneer-Cannon Stakes No problems with ' Vegetation doing very Poor
Lairy grass, tiees and poorly on this site
Salt Lake City, Utah shrubs
ct Montgomery City No problems growing Nothing planted only Poor

(continued)
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TABLE 8. (continued:
Accuracy of
Climate * | Site Reported by Mail Observed in Field Maii Statement
Ccf Tuskegee Landfill No problems growing Nothing growing on Poor
Tuskegee, Alabama grass, trees and landfill at all
shrubs :
Cf Dallas Co. Landfill No problems growing Trees and volunteer Good
Selma, Alabama grass, treec, or vegetation doing very
' shrubs well
cf cscanbia Co. Landfill | No problems growing Trees (Pines) doing Good
Alabama trees well, many were chloro-
tic, scme erosion
cf 0l1d Dothan City No problems, grass Nothing cuserved planted | Poor
Landfill and trees on landfill |on landfill. sane trees
Dothan, Alabama adjacer.. declining gas
suspected
cf Chatom City Landfill No problems growing Trees doing well Good
' Chatom, Alabama trees on landfill (seedlings)
Cs South Zoast Botanical |[No problems with grass,|Good sucess on landfill Poor
Gardens, Palos Verdes trees, and shrubss, But some problem areas
Los Angeles, California|problems adjacent were observed
Cs Mission Canyon Problems on landfill |[Grass doing well, severe |Good
Los Angeles, California settlement problems
observed

(continued’®
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TABLE 8. (continued)
Azcuiacy of

Climate *| Si-.c ‘Reported by Mail Observed in Field Statement

Ce Galbraith Golf Courcc No problems. with Problems observed due to| Poor
Oakland, California grass, trees, or thin cover. settlement,

shrubs and gas

Cs Alameda Municipal Golf | Problems on landfill Severe settlement Good
Course : problems observed
Almadea,California

Dca Oxon Cove Landfill. Grass growing on Wild vegetation, rno Poor
Delaware landfill planted vegetation

Deca TVA, Land Between the No problems growing Grass growing on Good
Lakes Park Lendfill grass on landfill landfill, same crosion
Kentucky problems

Dca Univ. of Connecticut Problems on landfill | Grass and alfalfa wrs Good
Experimental FPlot growing noticably poorer
Storrs, Connecticut ove. refuse

Dca Farmington City Problems adjacent to P.or growth of volunteer | Poor
Landfill landfill speciec was obscrved on
unionville, ,Connecticut landfill, no evidence of

problems acdjacent

Dca Overpeck Creek Problems on landfill Some problems were Good

} ackensack, lew Jersey observed but in all a
successful cperation
Dca Prin:eton Disposal Problems adjacent Leachate, indicating Good

S.L.F.
South Brunswick,
New Jersey

adjacent wood lot,
landfill disrupting
surface drainage,
flnoding trees

{continued)
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TABLE 8.

R ‘”‘7."!’.".?

(continued) -
. Accuracy of i
Climate *| Site | Reported by Mail Observed in Field Statement .
Dca Earle Landfill ) No problems growing Pines planted-dcing well | Good
Naval Ammunition Depot { grass, trees and Good cover of wild
Colts Neck, New Jersey | shrubs vegetation
Dca Cinniminson S.L.F. Problems with vege- Corn, sweet potatoes Good
Cinniminson, New Jersey| tation adjacent to killed on adjacent
lardfill farm
Dca Kenilworth Landfill No problems with grass|Grass doing well over Good
Washington, DC and shrubs on landfill|imost of site, many trees
Some problems wiin transplanted to site
trees were dead-
Dca Holtsville S.L.F. Problems on landfill Trees énd grass not Good
Brookhuaven Grass growing on doing veiy well on
Long Island, New York |landfill landfilil. Trees killed
adjacent to landfill
Dca City of Madison 1) No problems with Grass genera.ly -Acing Good
S.L.F. grass on landtill {well on landfill but
Madison, Wisconsin 2) Problems with grass|areas did exist which
1 on landfill wouldn't support grass
Dca Jackson City S.L.F. No problems with Landfill largely - Poor
Jackson, Ohio grass, shrubs and unvegetated
trees on landfill
Dcb South-East Oalkland Problems adjacent to Poplar trees and wild Good
Incinerator Co. S.L.F. [landfill - sumac killed adjacent
Detroit, Michigan to landfill
Dcb Cereal City S.L.T. Problems adjacent to |[Trees killed on two Good

Battle Creek, Michigan

landfill

sides of landfill

(continued)
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TABLZ 8. (continued)
1 Accurucy of
Climate * | Site Reported by Mail Observed in Fleld Statement
Dcb Holyoxe, S.L.F. Problems with vegeta- | Not much vegetation cu Good
Holyoke, Massachusetts | tion on laaidfill landfill. Some dend
. trees observed
Dcb City of Auburn S.L.F. No problems with grass| Grass and trees doing Good
Auburn, New York and shrubs on landfill} well over most of the '
Some problems with site. - Some trees were
trees having, problems on the
site '
Dcb Guilderland S.L.F. No problems with Nothing was planted on .} Poor
' Guilderland, New Yor} vegetation on landfill. Volunteer
landfill ‘'vegetation having
problems
Do Day Island Landfilil Good grass growth, Mostly good gruss growth | Good
Eugene, Oregon Same trees dead but :some dead spots.
Nurber of dead trees on
and adjacent to completed
landfill
Do Union Bay Good grass cover Numerous poor or no Poor
Univ. of Washington growth areas associated
Geattle, Washington with high concentrations
of landfill gas
H City of Ideho No problems growing Grass groJing well or Poor
Falls S.L.F. grass on landfill landfill. Some problems
Idaho Falls, Idaho with trees observed on
landfill
(continued)
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TABLE 3. {continued)

*CLIMATES
Abbreviation Description
Ar Tropical wet
3sh Steppe semiarid, not
Bsh-Bw Steppe semiarid-erid, hot
Bsk Steppe semiarid cold
Bw Desert or arid
Cctf Subtropical humid
s Subtrorical @ry sumer
Dca Temperate continental warm cummer
Dcb Temperate continertal cool summer
Do Temperate oceanic
H Highland

50



ey m ----4.-.,.v\w.vwg-(

e oe

= e A=

- v —

10.

SECTION VI
REFERENC:'S

American Fublic Works Association. Municiral Refuse, 2d ed. Public
Administrative Service, Chicago, Illinois, 1966. pp 128-132, 13k,135.

Coe, J.J. Effect of Solid Waste Disposal on Ground Water Quality.
J. Amer, Pub. Works fAssoc. 62:776-783, 19/0.

Flawn, P.T. Environmental Geology. Harper and Row, Inc. New York,
New York, 1970. p. 150.

Buchman, H.0. and N.C. Brady. The Nature and Properties of Soils. The
MacMillan Co. London, England, 1969. p. 242,

Toerien, P.F. and W.H.J. Hattingh. Anaerobic Digestion. I. The
Microbivlogy of Anaerobic Digestion.  Water Res. (Great Britain)

3:385-L10, 1969.

Farquhar, G.J. and F.A. Rovers. Gas Production During Rcfuse Deconposi-
tion. Public Works. 8:32-36, 1G68.

Kotze, J.P., P.G. Thiel, W.H.J., Hattingh. Anaerobic Digestion II. The
Characterization and chtrol of Anaerobic Digestiorn. Water Res. { reat
Britain) 3:459-4GL, 1969.

Alexander, M.M., Microbial Ecology. Jonn Wiley and Sons, Inc. New
York, New York, 1971. 511 p.

Bishop, W.D., R.C. Carter, and H.F. Ludwig. Water Pollution Hazards
from Refuse-produced Carbon Dioxide. J. of Wat. Pollut. Control Fed.
35:328-329, 1966.

Costa, D. The Effects of Sanitary Landfill Gases on Surrance Vegetation.
So0lid Waste Seminar. Dept. of Environmental Sclence, Ccllege of
Agriculture and Environmental Science, Rutgers, The State University,
New Brunswick, New Jersey. December, 1971. 19 pp.

McCarty, P.L. The Methane Fermentation., In: Principles and Applica-
tions in Aquatic Microbiology. Rudolfs Research Conference, Rutgers
The State University, New Brunswick, New Jersey. John Wiley and Sons,
Inc. New York, New York, 1963.

Flawn, F.T. Proceedings of the Crop Science Society of Japan 22:49-90,

51




el g 35 Y
fh

1 13. Garner, J.H. Changes in Soii and Death of Wocdy Ornamentals
Associated with Leaking Natural Gas. (Austr.) Phytopathology.
61:892, 1971,

- - ~gerery

i 1k, Kramer, J. Causes of Injury to Plants Resulting from Floodeua Soil.
Tient Fhyslol. 20:722-736, 1951.

o gt e

i 15. He_ns, J. Changes in Composition of Soil Air Near Leaks in Netuvial
Gas Mains. Soil Science. 113:1:6-54, 1970,

16. Noyes, H.A. The Effect on Flant Growth of Saturating the Soil with
C02. Science. HO:792, 191k,

et gy e ety g

17. Leonard, O.H. and J.H. Pinchard. ffect of Various O2 and CO_. Levels
on Cotton Root Development. Plant Phy51bl. 21:18-365 190,

18, Rajappan, J. and 0.0. Boyton. Respcunscs of Red end Black PRaspberry
Roct Uystems to Differences in O., CO_, Pressures and Temperatures.
Proc. of the Am. Soc, for Hort. c1 ,575: MQE 1956.

e e ys s L

9. Norris, W.E.. J.D. Wicgund, end L. Johanson. E. “ects of CO9 on
Respiratlon of Excised Onion Root Tips in High 02 Atmospherés. C-i1
Science. 838:145, 1959,

20. Ramaswamy, J.N. Nutritional Effects on Acid and Gas 7 roductior in
Sanitary [andfills. %h.D. Dissertation, West Virginia University,
Mcrgoitown, West Virginia, 1970.

21. Sungonuga, 0.0, Acid, Gas and Microbial Cynamics in Sanitary Land-
fills, Ph.D. Dissertation, West Virginia University, Morgantown,
West Virginia, 1970.

e —— .

_ 22. Merz, K.C. and R. Stone. Cas Production in a Sénitary Landfill. Public
: Works. 95(2):8L-87, 17L, 175, 196k.

23. Ludwig, H. Final Report in Site Investigation of Gases Procduced from
Decamposing Refuse. Oakland, California, 1967.

I 2k, Belucke, R. Degrédation of Solld Substrate in a Sanitary Landfill.
{ Ph.D. Thesis, University of Southern Calirfornia, 1968.

25. Dobson, A.N. Microblal Decamposition Investigation in Sanitary Land-
fills, Ph.D. Dissertation. West Virginia University, Morgantown,
West Virginia, 196k,

26. Rovers, F.A. end G.J. Farguhar. Sanitary Landfill Study Final Report,
Vol. II. Effect of Season on Landfill Leachate and Gas Produciicn.
Waterloo Research Institute, Project 8083, November, 1972. 285 pp.

27. How to Use Your Campleted Landfills. The Americen City. 83:91-9h4,
1965.

N
no

. .. °
O e B Ty S N s B e Y R AP E ISR IE 20~ 25 525 13




28.

29.

31.

32.

33.

3k,

35.

36.

38.
39.

Lo,

L1,

L2,

L3.

Dunn, W.L. Reclemation of Unicn Bay Swanp in Seattle. Quart. J. of
the University cf Washington, College of Engineering, April, 196€.

Gemmell, R.P. Plantirg Trees on Vasteland. Surveyor Public Authority
Tech. L286:30-32, 1974, -

Hendrickzon, L.R. Ualversity of Wisconsin, Madison, Wisconsin,
Personasl communication. Harch 16, 1973.

Whaley, M. County Blight is Transformed to Park. Sclid Wastes
Management. April, 197h. pp. 50, Jo.

Lancaster, R. More Cropland for NKearny. The American City. 69:98-99,
195k,

Scria, S.M. Vegetation Study. In: The Feuasibility of Using Abandoned
Quarries ac Sites fcor Disposal of 30lid Waste. Wecsleyan University
Research Group, Middleton, Comnectlicut, 1971. p. L6-58.

Allen, C.D. Personal communication. July 11, 1975.

Whitecavage, J.B. Scil pollution--its causes, conzequences and cures.
Gas Age, 197k,

Turnkey Contract Will Turn Solid Wastes into Parks, (Abstr.) The
American City. 88:66, 1973.

Bickel, E. Sanitary Landfill as Recreation Centers in The Netherlands.
Muell and Abfall {Berlin). 3:100, 1972.

Salvin, L. Personal cammnication. April L, 1973.

Gruninger, R.M. Personal commmication. Oswego Valley Solid Waste
Refuse Disposzal District. April L, 1973,

New York City Landfill Reclamation Task Force Camittee on Horticulture
and Foresiry, Park Recreation and Cultur:l! Affairs Administration.
From Landfill to Park. Brochure, December, 197hk. LS p.

Duane, F. Golf Courses Fram Garbage. The American City, 87:58-€0,
1972. )

Fram Refuse Heap tc¢ Botanic Carden. Solid Weste Management, August,
1973. L p.

Mil>s W. Fry and Son Nurseries, Frysville-cphrata, Pa. Hybrid Popiars
--Beautiful Trees from Frysville. Catalcgue, Spring and Fall, 1973.
15 p.

Caterpillar Tractor Co. Could Your Cammni:y Use a Free Golf Course
or Building Site, Brochure. 10 p.

53



ks,

L6,

Ly,

Lg,

50.

51.

52.

sk,

55.

56.

“hatever Happened to The Trees? Water and Pollution Control.
111:28-29, 1973.

Flower, F.B, and L.A, Miller. Report of The Investigation cf Vegeta-
tion Kills Adjacent to Landfills. Cooperative Extension Service,
College of Aericulfture and Environmental Science, kutgers University,
New Brunswick, New Jersey, 1969,

¥lower, F.B., I.A. Leone, E.F. Gilman, and J.J. Arthur. An Investiga-
tion of the Froblems Associated With Growing Vegetation on or
Adjacent to Landfills, Proceedings of the Conference on Urban
Physical Environ. U.S,D.A. Forest Service General Technical Report.
NE-25, 1977. p. 315-322,

Flower, F,B, Field trip to Zrlton Landfill Park--Cherry Hill, New
Jersey. Cooperative Extension Service, College of Agriculture and
Environmental Science, Rutgers University, New Brunswick, New Jcrsey.
Mareh 31, 1975. :

Flower, F.B., I.A. Leone. S.H. Davis, ané . Gilman. Field trip to
Friton Landfill Tark-~Cherry Hill, New Jersey. Cooperative Extension
Service, College of Agriculture and Envirommental Science, Rutgers
University, New Brunswick, New Jersey. May 28, 1975.

Fiower, F.B. F¥ield trip to De Eugenio FPeach Farm, Glassboro, New
Jersey. Cocpesrative Extension Service, College of Agriculture &nd
“rivironmental Zcience, Rutgers University, New drunswick, llew Jersey.
tarch 18, 1975.

Flower, F.B., I.A. Leone, A. lLentz, S.H. Davis, C. Klotz and F. Vitale.
Report on field trip to Tharkey's Landfill at New Road, Parsippany-
Troy Hills, iorris County. liew Jersey Cooperative Extension Sexrvice,
College of Agriculture and .nvironmental S¢i-=nce, Rutgers University,
New Brunswick, llew Jersey. iay 1lh, 1973.

Klotz, T. Aszoc. Extensior. -rvice, Rutgers University, Lew Zrunswick,
llew Jercey. FPersonal commuiication. June 3, 1975,

flwer, F.2. and I.A. Leone. =>ield trip to First Natlonal Banx of
Central Jersey, Bound Brook, lew Jersey. Cooperative Extension
Service, L. llege of Agriculture and Environmental Science, Pulazers
University, liew ?runswick, New Jers-y. January 28, 197kL.

Futsuma, J. Secondary Poilwtion From Landfills. Sangyo Kozai (Japan)
8:20-24, 1972,

Ueshita, R.C.,, C. Kuwayame, and S. Saita. ‘=ste and Its Disposition
by Reclamation. Dobeku Gakkishi (Japan) So:32-4L 1973,

Cremer, C. The Growth Besponse of Four Specics »f Pinus on Timulated

Landfills., Kesearch Assistantship, Yale School o1 Forestry, New
Haven, Connecticut. May, 1972. 29 pp.

54




e h e e -—.-..;.-m.ﬂ#

o7,
58.
59.
60.

€1.

63.
6h.

65.

67.
68,
£9.
70.
1.
72.

73.

Nunan, J.P. Hydrology Consultants Ltd., E. M‘ssissaugua, Ontario,
Canada, Personal cammunication. 1975.

Virginia City Builds Park on Landfill. Fark Maintenance, April, 1977.
p. 16-17.

Dietz, T.E. Water Pollution Control Division, Fugene, Oregon,.
Parsonal communication. 1975.

Cuttay, A.J.R. University of Connecticut, Storrs, Connecticut,
Personal cormunication., June 2, 1975.

Femalll, H., Control of Gas Flow from Sanitary Landfills., J. of the
Env. Engin. Div. EEL:5%5-566, 1975.

Reinhardt, J.J., and R.K. Ham, Final Report on a Milling Project at
Madison, Wisconsin Between 1566 and 1972. Vol. 1. The Heil Co.
Milwaukee, Wisconsin. August, 1973. pp. 77-81.

Sowers, S.F. Foundation problems in Sanitary landfills. J. of
Sanitary Eng. Div. ASCE 94 (S5AT):103-116, 19¢8.

Stirrup, F.L. In: Eublic Cleansing. Refuse Disposal. Pergamon Press,
nxford, England, 19G5. p. 16-47,

Vitale, F. Maintenance of Vegetation at Holtsville Park Sanitary Land-
Till, Holtsville, Long Island. Norval C. White ¥ Assoc. Brooklyr,
MNew York. Summer, 1973. 24 pp. :

Effects of Escaping Iiiuminating Gas on Trees., Mascachusetts Exp. Sta.
Report #33, 1913. pp. 180-185.

Deuber, C.G. Effects on Trees of An Illuminating Gas in the Soil.
Plant Physiol..11:401-412, 1936.

Smith, K.A. and S.W.F. Restall. The Occurrence of Ethy-ene in Anaer-
obic Soil. Soil Scierce, 22 (4):430-443, 1971,

Smith, K.A. and w.'Harris. An Automatic Device for Injection of Gas
Samples into a Gas Chromatograph., J Chromatog. 53:358-362, 1970,

Bray, 0.F. Gas Irjury to Shade Trees. Science Tree Topics. 2:19-22,
1958. -

Crock-t, W. and L.I. Knight. Effect of Illuminating Gas and Fthylene
upon Flowering Carnations. Bot. Gaz. L6:259-276, 1908.

Richards, H.M. and D.T. Mac'Deugal. The Influence of Carbon Monoxide
and Other Gases upon Plants. Bull. Torr. Bot. Club 31:57-66, 1904,

Stone, G.E. Effects of Tlluminating Gas on Vegetation. Massachusetts
Exp. Sta. Report #3u, 1909. pp. 45-60.




74,

75.

76.

77.

79.

80.

81.

8L.

85.

87.

88.

Harvey, E.M. and R.C. Rose. The Effects of Illuminating Gas on Root ;
Systems. Bot. Gaz. 60:27-LL, 1915,

French, D.W. aﬁd F.W. Perpick. Cankers and Decay in Red Oaks Caused by
ques and Robustus, Phytopathology ©L:11L8-11khy, 1974,

Pirone, P.F. The Respgnse of Shadc Trees to Natural Gas. Garden
Jourral., 10:25-29, 1960.

Flow=r, F.B., I.A. Leéne, J, Arthur, and E. Gilman. Study of Vegeta-
tion Problems Associated with Refuse Landfills. Quarterly Report,

‘E.P.A, Grant Project #R 803762-01, June-August, 1975.

Ruben, S. and M.D. Kamen. Redioactive Carbon in the Study of Respira-
tion in Heterotrophic Systems, Froc. Nat. Acad. Sci., (U.S.)
26:418-422, 194o.

Poel, L.W. CO, Fixation ty Barley Roots, J. Exper. Bot. 4:157-163,
1953. _

Stolwijk, J.A. and E.V. Thimanrn. The Uptake of Carbon Dioxide and
Bicarbonate by Roots and Its Influence on Growth, Plant Physiol.
32:3hkc-346, 1957.

Geisler, T. The Influence of CO2 and HCO2 on Roots. Plant Physio..
38:77, 1963.

Burg, $. and E. Burg. Molecular Requirements for the Biological
Activity of Ethylene. Plant Physicl, L2:1LL-152, 1967.

Chang, H.T. and W.E. Loomis. Zffect of CO, on Absorption of Water
and Nutrients by Roots. Plant Physiol. 28 220-232, 1945,

Girton, R.E. The Growth of Citrus Seedlings as Influenced by
Environmental Factors. University ci Cesiforria. Agricultural
Seiences. 5:83-112, 1927.

Boyton, D. and J. DeVilliers. Are There Different Critical Concen-
trations for Different Phases of Roo: Activity. Science 88:569-570,
1938, '

Gill, W.R. and R.D. Miller. A Method for Study of the Influence of
Mechanical Impedance and Aeration on the Growth of Seedling Roots,
Proc. Soil Science Soc. of America. 20:2L0-248, 19%6.

Kirklawta, R. The Influence of Soll Aeration on the Growth and
Absorption of Nutrisnts by Cyrm Plants, Proec. Soil Science Soc. of
America. 10:263, 1945. [

-

Lety, J., O.R. Lunt, L.H. Stclzy, and T.E. Szusziewicz. Plant Growth,
Water Use and Nutritional Response to Rhizosphiere Differentials of

0, Concentrations. Proc. Scil Science 3oc. of America. 25:183, 1961,

56




———————

€9.

G1.

92.

93.

9L,

Adams, S.R., c=d R. Fllis, Scme Physical and Chemical Changes in Soil
rought About by Saturation with Natural Gas. Proc. Soil Science Soc.
of America. 24:41-Lh, 19€0.

Harper, H.G. The Effect of Natural Gas on the Growth of Microorga-
nisms and the Accumulation of Nitrogen and Organic Matter in the Soil.
Soil Science. u8;461-LE6, 1936, '

SchollenbergerZ C.J. Effect of Leaking Gas Upon tae Goil. Soil
Science. 29:20'-266, 1930.

Kee, N.S. and C. Bloomfield. The Effect of Flooding and Aeration on
the Mobility of Cervain Trace Elerents in Soils. Plant and Soiil.

26:109-135, 1963.

Patrick, W.H. and D.J. Mikkelson. DPlant Nutrient Behavior in Fliooded
Soil. 1In: Fertilizer Technology and Use, R.A. Olson, T.J. Armay,
J.J. Hanway, and V.J. Kilmer, eds. Soil Scierce of America, Inc.,
Madison, Wisconsin, 1971. pp. 187-215.

Ponnamperuma, F.N. Dynamic Aspects of Flooded Soils and the Nutrition

of the Rice Plant. Froc. of Symposium on The Mineral Nutrition of
the Rice Plant., The Rice Res. Inst., Los Banos, Laguna,

Fhilippines, February, 1964, pp. 295-327.




o .
Rl},TCf_R§ o ) MAIL SURZY ZLLUTEY LITTIE

el Cwatat
by B

COOPERA‘TIVE PO BOX 231. NEW BAUNSWICK. N J 08903
EXTENIION SERVICE
COOK COLLEGE

32-5LL3

Telechone (201 °

The Cocperative Ixtension Service in cooreraticn with the Tepartment
of Plant Biology ot Cook . oliege, Rutgers University, liew Brunswick, liew
Jersey is undertakirg a survey to dete Tine the extent of problems associated
s.th groving vegetatlion adlscent to ana un tcp of coxpleted solid waste
refuse Lindfills. Here in llew Jersey we pave ctserved a number of cases
where trees and other vegetation adlscent to landifills have been killed by the
latersl migration of landfill gases. =%e heve also experienced many probless
in growving adequate ground cover, carticulsrly the deeper rooted vegetation,
on the soll covering compleced landfiils., We would like to know if you know
of any similar problems.

We also expect to conduct field and lsborator; studies to help de:ermine
the cause ol these vegetatlion growth probliems snd how they may be surmounted.
Your assistance in helping solve these trcblexms by returning the enclosed
questionnaire in the self-addressed ;ostage paid ervelope vill De greatly
appreciated. If you would like to receive a report on the results of this
study, Tlease check the itexr next to your rame and address.

‘Jery truly yours,

Tranklin 8. Flower
Extensicn Spesialist in
Invirormental Sciences

be
Enc.

COOPL RATING AGENCIES AUTGERS. - TwE STATE umv(isnv_ US OETARTMENT OF AGRICULTURE. AND COUNTY
BOAADS OF CravEN FREENOLDEAS EDUCATIONAL PRAOGAAMS ARE OFFERED wITHOUT REGARD TO AACE COLOA OR
NATIONAL DAIGIN THE COOPERATIVE EXTENSION SEAVICE IS AN EQUAL OPPOATUNITY EMPLOYER
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APPENDIX B
OMB No. .1585 75005
Aprroval Expires 6/7€
WUZSTIONNAIRE: TO DETERMINE THE EXTENT OF ViGETATION GROWTH PROBLEMS

ASSOCIATED WITH SOLID WASTE REFUSE LANDFILLS

Do you know of completed refuse landrills where there have neen protlems
in growing vegetation on their cover material? Ves No

If yes, plecase list those landfills that heve had the greatest problems.

NAME ADDRESS

a.

Do you know of refuse landfills where there have been probicms of grow-
ing vegetation_adjacent to the landfill? Ves No

If yes, please list the landfills that have had the greatest problems.

NAME : ADDRESS

(continved)
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APPFNDTY B. (continued)

Do you know of completed refuse landfills that have been able to grow a ~
good vegetative ground cover with Iew problems? Yes No

If yes, please list those completed landfills that are growing good
vegetative covers and the type of cover they are growing.

P e O il e o |

TYrE OF COVER

NAME AND ADDRESS Grass Shrubs ~ Trees  Other
1. _
2. _
3.
L.
5. .

If you have any comments on the effects orf buried solid waste on living
surface vegetation we would certainly appreciate hearing them. Je would also
appreciate your adding your name and address to this sheet and returniag it
to FTrowk Flow~r, Cock Cdlleye, Rutgers University, New Brunswick, N:w Jersey
08203 in the enclosed self-aadressed postage paid mailing envelope.

Name Please send me a sﬁmmary —
of the results of this refuse
Title landfill - vegetation study

when completed.
Address
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APPENDIX C
CLASSIFICATION OF MAIL SURVEY SOURCES
1575
D te Number Form Letter
ORGANIZATION Sent Sent No.
1. State Soil Conservation Service Offices 5/19 57 1
2. County Ageats and Selected Specialists
ir. New Jersey : 5/19 60 2
; 3. State Cooperative Extension Service
: Directors. 5/20 63 3
4, EFA-SWMP Regiocual Representatives 5/29 10 4
5. State Solid Waste Management Agencies 5/30 58 5
6. Publications - 6/2 33 6
| 7. S.W. Planning Cours. Registration, .
6/13-15."7. 6/2 15 7
8. APWA Educ. Fdn. Ref. Col. and
Disposal Workshop, 5/9-10/72 Reg. 6/2 19 7
. 9. Sanitary L:ndtill) Cesign Seminar,
~ 6/28-29;73 Reg. 6/5 55 7
10. New Jersey Zonservation Districts 6/6 15 7
11. Major Solid Waste Management Firms 6/6 10 7
12. Engineering Foundation SLF Conf.
8/13-18/72 Reg. 6/12 81 7
13. Other 6/5-12/31 130%* 7
14. Gas and Leachate from Landfill Conf.
3/25-26/75 Reg. 7/18 191 7
15. Solid Waste Processing Civ.,
ASME Membership 7/20 ik 7
16. YNew York State Scil Conservation
Districts 9/25 12 7

TOTAL 2,003

* - Approximate number

gt -
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APFENDIX D

© LIST OF ¥IELD EQUIFMENT

1- compass 26- gloves

2- pen and note pads 27- insect repellent

3- 6' and 50' steel tares 28- boots

L-  string . 29- thermos

5- camera and film 30~ soil sampling procedure - S0P
G-  vegetation I D bocks 31- gas sampling procedure - SOP
7- roller tape 32- water sampling and testing

8- rail procedures - SOP

9-  «clip board 33- files for reports
1C-  felt marking perns 34- preaddressed mailers
11- close up Jenses for camera . 35- refill for 3' bar hole maker
i2- nemmer and mallet 36- Exrlosimeter with extra cata-
13- screwdrivers lyst and 10/1 dilution tube
1L~ wrenches - adjustable and pipe 37- O2 analyzer

17- pliers - standard, long nose, 38- 204 0. analyzer

water pump 2

.é- garden trowel 39- 60% CO2 analyzer
ié: zzgiiﬁgxizpe LO- 3' thermometer ~
15-  electrician's knife 41- extra tips for bar hole maker
2 lastic for s0il 1 42- water analysis kit

iij ihzizic bags for soil samples 43- 3' gas sampling probe

o ssil profile extractor L4~ paper clips and rubber bands
pol 3" soil auéer . L5-  rubber stoppers

2l- first aid kit 46- 0, and CO, refills

Z5- bags to carry equipmen’ and L7- 02 and CO2 analyzer repailr kits

supplies 48- Explosimeter calibration kit

49- 3' and 4' tar hole makers
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APPENDIX E
LANDFILL-VEGETATION FIELD INSPECTION FORM
SITE: DATE:
Name

Address

Fhone

o e e ———— ——— —— ot

CONTACTS:
Names
Addresses

Phones

LAND=ILL:
Size '
Cover (GQuantity and Quality)
Daily
Intermediate
Final
~) Refuse
, Type
] Depth
! ' Degree of Campaction

TEMPERATURES: {°F. and Location)
Sround (3 ft. depth)
: Over Landfill - Good Growth -
Poor Growth -
Virgin Land -
Ambient (in shade) -
Settlement
Leachate
Odor
i Age
Started
Completed
Cell Size
Current Use
Ultimate Use

(continued)
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APPENDIX E. (continued) ~
Vegetation (GQuantity and quality) <1 landfill
srass
i Shrubs
! Trees
§ Cther
‘ | Vegetation (Quantity and Quality) Adjacent to Landfill
o Grass
% Shrubs
\ Trees
‘ Other
3
.
f] General Ncies and Observations: {Iaclude an outline map of arca.)

Ve er————— .
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*#S0ill Sample Taken
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APPENDIX F

FIELD GAS SAMFLE ANALYSIS FORM

COMBUSTIBLE GAS AT

2!

1'

ll

LL |10/1

20/1

LL

10/1

20/1

LL |10/1

20/

%0,
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_ APPEINDTX G
4 : FIELL SOIL 5AMFLING PR EDURE

Select and map site.
Locate sampling stations in areas of gecod ~nd poor vegztation growti.
c. Take sanplecs from three or four points within sampiing ccations lo
reduce the chance of taking samples trom en wiindigendus area.
Avoid surfacs contamination such ac feriilizer or garta;re. To aveid
‘ contamdiaation when taking samaples do s quickly and firmiy. Without
rotating the sampling tube insert the tube directly inwo the soil. A
busket can be used -o transfer the soil from the sample. to the bag;.
- Use 3" 501l suger or garden trowel to obtain sample when .ompling iubce
i cimnot be used.
f €. {btain a pint of both surface soil (topsecil)and subsoil for analysis.
+ill two sampling bags. Taxe the surface soil sample irst.
f. Measure the depth of tn2 topscil. If the topcoil is less thun 8" dew
take the surface soil cample from the first 8" o soil; if the torsoil
is more than 8" deev take the surfacz soll sample from the lotal ieuth
) o the topsoil. ' ,
| g. Take the subsoil sample frcm the nex* 8" of soil depth using tne saue
{ hoiv(s) from which the topsoil sarple was obtained. ~—
h. At the time of sampling, characteriz2 the 50il us to whether it iz wet,
moist, or dry, by sjueezing it.  Water will drir from wet s0il when
: squeezed, molst soil will remain as a ball, while dry soil will crumble
’ after being squee:cd
i. Wren putting the sample in the bags for trencport to the soils labora-
tory be sure ‘o s-al them tightly to prevent water louss.

o>
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APPENDIX H

FIELD LF\CHATE SAMPLING AND ANALYSIS PRCCENURE--

The fcllowing method for sampling leachate was established.

1.

2.

Secure a suiple of the leachate in a glass or polyethylene bottle
{100-200 cc).

If the solution is very dark, it may require dilution with discilled
watn.r before applying the color tests.

Test for the following components by methods described in tbe Hach
Water Testing kit. . Be sure to rinse the vials with discilled watcer
after each test.

. pH :

Free and total acidity

Alkalinity

Copper content

Iron content

Chlcride content

Determine total conductivity by meuns of the Beckman Mho-uun.

o RO oR




APPENDIX I

DETAILZD OBSERVATIONS AND FIELD DATA FROM LANDFILL SITE :HURVEZY

AR-TROPICAL WET CLIMATE

San Juan Senitary Landfill, Puerto Rico

In 1967 the San Juan Landfill, located seven miles south of the city of
Sun Juan on Route #1, bezan accepting incinerated muricipal refuse and light
incustrial .efuse. 1In 1972, after the incinerator wa: closed, sanitary
landfill operations began. The 100-acre landfill ncw accepts approximately
1700 tons/day of municiral and light industrial refuse which has reached a
depth of ei~hty feet in some places.

The daily cover spread at the end of each day's landfilling ranged from
zer1o .0 six inches during the period of time thic site has been operated as
a sanitary landfill. 1In areacs where landfilling has been completed, the
final cover ranged from six inches to twelve inches. Much of the refuse has
been placed in a low lying marshy area, presumably above the water table.
However, according to Charles Romney (Natural Rescurce Specialist, 1550 Ponce
Leon Boulevard, San Juan, Puerto Rico} the majority of the refuse was dumped
into the water lying in the marsh.

The corpleted portions of this landfill have not been planted with
vegetation and are currently not being used by anycne. Volunteer vegeta-
tion has established itself in some areas where the final cover is the
leepvest. ‘However, much of the ares is devoid of vegetation. A continually
burning landfill fire on the north side ot the landfill was responsible for
the death of a group of adjacent trees when the fire flared up and began
burning the ieaves on the irees.

One vclunteer legume tree growing near the edge of the same face has
died this year. Cambustible gas at three feet beneath this tree was about
seven percent. Twenty feet away end still on the edge of the refuse, was a
living lezuae tree with no combustible gas in the root zone down to three
feet. GSoil samples were taken to better ascertain the cause of death.

Approximately 500 feet southeast of trese legume trees was a group of
cucurbit (cucumberlike) plants. In the area of good grcwth, no comhustible
oAs was found at one foct, trace amounts were found at two feet, and ten
percent at three feet. The gas at three feet probably has little if any
effect on the growth aud sur,ival because of the shallow root system. 1In a
generclly barren area twenty feet away, combustible gas was found in trace
amounts at one foot, and at two feet reached furty percent of the soil

.




~1 gas atmosphere.

In summary, combustible gas related positively to dead vegetation and
bare cover soil. ‘

, Bayamnon Sanitary Landfill, Puerto Rico

| In 1970, the municipality of Bayamon began operating a sanitary landfill

i for the disposal of municipal solid waste. The landfill is located at Barrio

. Buena Vista, about four and a half miles south-southcast of Bayamon along
Yighway #167. Operations in the landfill were begun ir 1970 and discontinued
in 1974 by order of the United States District Court ia San Juan. Puerto Rico,
as a result of a lawsuit by residents of. the area.

Prior to the closure of trhe landfill, and at the reguest of the United
States District Court, the United States (Geological Jurvey conducted a field
test and collected arl analyzed samples of the leachate flowing from the
landfill (Jure and July 1972). The results of these analyses ic reported in
; the proceedings Ga:z and Leachate from Landrills: rormation, Collection snd
) Treatment, (EPA-600/9-7€-00LY, Unitel States Environmental Frotection Agency,
Cincirnatl, Ounio.

The landfill covers apprcximately ten acres. o vegetation was planted
on'the landfill; however, thick grass covered most of the sit= and a few
small volunteer trees and shrubs are scattered about the site. Tne combusti-

“ble gas concentrations could not be determined beneath any of the trees or
shrubs on the landfill because the ground contained too many rocks.

~— Adjacent to the landfill, on the south slope, were two large trees.. One
of these had lost all of its leaves during the previous year and anoti.er,
forty feet away, was healthy. High combustible gas concentrations were

found in tne root zone of the cdead tree but no combustible gas was found
beneath the living tree. O, ard CO, readings were similar beneath both trees
and the soil temperatures avVeraged &bout 9O°F,

Leachate was streaming frcm the bottom or the south slope of th2 land-
fill and running over the soll around a grout of large trees growing adjacent
to the refuse. Many of these trees have died, particularly the large ones
in the area where the leachate is running.

In summary, no trees were planted on the landfill; however, vclunteer
grasses and shrubs Lave completely covered the area, but the cover was too
rocky to obtain soil gas readir’s Adjacent to the landfill, combustible
gas was found beneath a dexd tree and no combustible gas was found beneath
a living tree. A nuwber of trees adjacent to the landfill have also appar-
ently veen killed oy excessive leachate. :

Cayey Sani“ary Landfill, TPuerto Rico

This forty to fifty acre operating landfill, located three mile. east of
Cayey off Route #1, receives approximately six tons of municipal and light
industrial refuse every fay fron a few surrounding communities. Operation
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began in 1971 by filling a canyon. By March, 1977 it was up to eighty feet
d:ep in the center. Daily cover is scrairzd of'f of an adjacent ridge on the
rorth end of the area and placed over the refusze at the end of each day's
-perations. Approximately six inches to one foct of daily cover is used.
Iio leachate or settlement was apparent. '

No attempts have ever been made to vegetate this landfill. In addition,
no volunteer plants occupiea any part of this site. However, adjacent to
the south side of the landfill) i3 a sugar can= tield which has been aban-
doned for reasons other than the landfill's impact. No migrating combustible
£33 was found in this field but the retuse has been adjacent to the field for
only three months, '

when the Cayey Sanitary Landfill is completed it is planned that tennis

ind basketball courts will be built and various trees and shrubs will be
planted. :

353-8TEPPE OR SEMIARID CLIMATE

“ioneer-Cannon Stakes Dajry, Salt Lake City, Utah

Thi~ lormer 150+ acre landfill was reported to be currently used as -
rasture land. Examination of tlie site revealed that the area is located in
lovlands near the Great Salt Lake, where the selt water table is close to
e :surface. Municipal refuse had been deposited in this area with the hopes
~rio it would raise te level of the soil above the water table so that the
ialt could be leacheu out of the soil.

Two fields were examined. The r1rield completed in . 1975 was planted in
1376 with alfalfa ard sudan grass. {leither crop was observed growing at the
time of our inspection. Instead only weeds were observed growing in this
fielc., The second field had been completed as a landfill in 1965, This was
the third year that a crop was planted on ii. There was noticeably better
growth in this ficld than in the first field.

Carbon dioxide and combustible gas concentrations were much higher anrd
o«ygern much lower in the poor vegetation growth field than in *the better
{zecornd) field (Table J-1). Although the second field showed generally good
grovti: -“here were large patches in the field where nothing was growing. Com-
tustiosle gas readings were the same in the no-growth areas of this field as
in the areas where the vegetation was doing very well. It 1s suspected that
high salt concentrations may be responsible for these no growth areas.

Settlerent was noticetble in both fields. The farmer who cultivates
these fields reported th:t this settlement hinderc the operation of the
farm equipment. The secttlement also leaves depressions that cause ponding.
This is a problem becauze the gonded water collects salt from the subsoil
which remains on the surlace after the water evaporates.
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TABLE I-1. PERCENT CCMPOSITION®* OF SOIL GASES IN FIFLDS WITH
"GOOD AND POOR VEGETATIVE GROWTH

PIONEER-CANNCON STAKES DAIRY, SALT LAKE CITY, UTAH

. Good Alfalfa Growth Weeds Only
Sample Depth . 2! 3! 2' 3!

O2 - 17 - 10

ce, - <0.5 - 22
Combustible Gas 5 - LS -

*sverage of 2 to 11 readings

‘Iimpancgos Go.f Course, Provo, Utah

"he Timpanogos Golf Course is located on South Street, east of Interstate

15, between Zast Street and University Avenue ir Provc, Utah. Nine holes of
the Jolf Course were reported to be built over a former refuse landfill.
jyT.en combustitle gas checks were made in thic area ltoward the south end of
the course, it was apparent that no refuse had bteen placed in this area,
since no combustible gas was detected. We were then informed -y the golf
ccirse surerintendent that only a small area between the tenth and fourteenth
areways had been filled with municipal refuse. This small area, whicl: was
filled in 15L6, measures approximately 200 feet long anc 35 feet wide with a
maximum depth of six feet. Combustib’.e gas reading at one spof, was about
tiirveen zercen*t of the soil gas atmec.phere at the two foot depth. Here
consi?erable scttlement had resulted :n very noticeable undulations of the
grounc surrface. The grass in this and all other areas where refuse was
plzced wa: growing just as well as on that part of thc golf course whe:e
thezre was 1O refuse. MNo combustible gas was recorfed at cne foot anywh=re

in the settled area. The irrigation c¢f the grass probably promoted a sha>low
root system. This may explain the gocd grass growth despite the presence of
ccrrbustible gas at the two foot depth in one location. The roots are prob-
ably growing above the combustible gas.

South Street Sanitary Landfill, Provo, Utah
’ b 3 ,_vhan

This 100-aczre landfill was complet:d in 1973 with the placement of
municipal refuse in depths of ten to fi'teen teet. One side of the landfill
adioins a major highway (Interstate 15). Russian olive trees were planted
alcrng this side of the landfill. Althouvgh these trees were reported to have
been planted on the landfili, it was found that they hud been planted on a
soil dyke surrounding the landfill. The trees were in good condition and
rer.zed in height from nine to twenty feel. No combustible gas was found
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along the 1,000 foot length of this tree planting. The s0il appeared to be
of a better quality where the trees were growing than thrat on the landfill .\‘/
winere very little vegetation grew. .At one point cn the landfill the com-
i bustible gas concentration was fiund to be greater thar fifty percent at
’ ine one and a half foot depth.

At this landfill the soil dyke apparently preventcaed the geses of anaer-
obic decomposition from migrating horizonatally out cf the lajdfill.

Great Falls Sanitary Landfill, Great Falls, Montana

. The 25+ acre Great Falls Sanitary Tandfill began cperation in 1963 with
the acceptunce of municipal refuse and some agricultural wastes. This conti-
nued until around 1973 when shreddea refuse¢ was also accepted. Shredded
»efuse was placed over that part of the landfill now occupied by a wheat
field. ¢&ix inches of daily soil cover was placed over the non-shredded
refuse, ‘but no soil cover was spreaad over the shredded refuse until the end
of the filling operations in 1975 when twclve tc eighteen inches of final
cover was spread.

In the fall of 1975, following the completio of the site, part of the
rformer landfill was seeded with win*ter wheat as was an adjacent field on
virgin land. According to the owner, the wheat germinated normally in the
fall of 1575 and survived the winter as did the vheat planted on virgin
land. However, with the onset of the summer dry period the wheat on the
_landtill began to show signs of chlerosis and remained stunted. Dieback
was extensive. The total wheat yield from the landfill crea was about one-
half that normally expected from a field this size. It was reported that
the wheat in certain areas of the refuse-filled area did not grow taller
than three to four inches. ~—

Combustible gas and CO, readings in these severely growth-stunted areas
were higher and 0, concentritions lower than in the areas of better growth
" (Table I-2). A vEry good correlation exists between the presence of com-
busiible gas and stunting and dieback of the wheat plants.

TABLE I-2. PERCENT COMPOSITION OF SOIL GASES IN WHEAT FIELDS
WITH GROWTH OF DIFFERENT QUALITIES

GREAT FALLS SaNITARY LANDFILL, GREAT FALLS, MONTANA

Excellent Growth* Good Growth#** Door CSrowth¥**

Semple Depth 1’ 3’ 1’ 3" Y

0, - - - 16 - 12

CO2 : i - - - 12 - . 21
Combustible Gus 0 - 0 - 12 -

*Off landfill
**Cn landfill.
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BW-DESERT OR ARID CLIMATE

Del-Rioc “anjtary Landfill, Phoenix, Arizonsa

The thirty-five foot deep Del-Rio Sanitary Landfill, which zovers 1/3
square mile, is presently cperated by the city of Fhoenix, Arizona. tcie

-sections of the landfill have been completed. Jne of thLese areas aajacent

to the scale house was planted with a number of cottonwood trees in 1974,
Most of -our investigative work was doune here.

The landfill begen operations in 199 using a cell size of approximately
300'/6L' /8" and accepting only munjcipal refuse. A caterpillar type bull-
dozer was used botn to compact the refuse and spread che six inches of daily
cover as well as the thirty inchcs of fiial cover. Because of the geoliogic
history of the Phoenix area, the cover material contained many round rocks.
Consequently, the soil in which the cottonwcod trees were planted had to be
imported from another area.

Five of the six cottonwood trees planted adjacent te the scale house
were planted in 3' 6" insicde diameter, 6' long cement drain pipes. These
vertically set pipes extended two feet above the surface of the cove: mate-
rial. The sixth tree was not growing in a cement pipe tut was plsated in
the cover material.

No combustible gas was fcund at any depth in these containers except
for a trace in one con*ainer at three feet (Tacle I-3). Combustible gas
averaged 1-2 percent st two feet heneath th= tree not planted in the con-
tuiner. This tree appeared to be the most healthy of the six trees. Four
of the five containers supported grass growth while no grass was growing in

‘the Tifth container. The cottonwood in this container has died and was the

third tree of three which had been planted arnd died in that container. The
poplars in the four other containers did not appear completely healthy, but
they had grown this year and next year's buds appeared normsl.

There appeared to be no correlation between combustible gas concentra-
tion and the health of the poplar trees. Although some combustible gas was
present in the root zone of the mostly healthy poplar, it did not appear te

~effect the viability or growth of the tree.

-~
7
[~




TABLE I-3. PERCENT COMPCSITION* OF SOIL GASES AT

DzZAD AND LIVING POPLARS e’

DEL-RIC SANITARY LANDFILL, PHOENIY, ARIZONA

Living Ponlar . Dead Poplar
Sample Depth 2! 3! ot 3"
- 21 -
02 21
002 - 2 | - 1
Cambustible Gas i-2 - o) -

‘*1-2 readings

Deer Valley Pzrk, Fhoenix, Arw.zona

Six acr:s of this landfill have been vagetated in anticipation of deve-
loping the site into a municipal goif ccarse. -There is 3ix to eighteen feet
of municipal refuse in tie landrill wita cover thickness ranging from about
thirty inches to ten fee:

Bermuda grass wes lanted over the entire area and was observed to have
difficulty growing on the site. There were many patches over the site where
the grass wasn't growing. No correlation was found between these patches
and the occurrence of landfill gases in the soil (Table I-4). There was also
no visible difference in the growth of the grass between the area where the
cover war thirty inches thick and where it was ten feet thick.

TABLE I-k, PERCENT COMPOSITION* OF GSOIL GASES IN rIELDS
WITH GOOD AND POOR GRASS SROWTH

DEER VALLEY PARK, PHOrNIX, AR1ZONA

Good Srowth Poor Growth
_Samrle Depth 1! 2' 1’ 2’
G. i 20 - 20 -
z
ce, L - Yy -
Combustible Sas - 9 - 0.5

*#1.2 readines
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Adjacent to the landfill there was obrerved a number of dead and Aying
trees which had been trensplanted to the site. Three of these trees ware
examined and combustible gas. About 2% was found at a three foot depti near

only one of them.

It appears that the problem:s with the wvegetaticon on and adjacent ¢ tnhis
landfill are caused by something other than landtill gases, such as lack of
water or poor soil conditionsﬁ

Johason's Farm, Maricopa Coun.y, Arizona

. This former sanitary landfill of 9.1 acres was completed in December
197C arter beinn operated for a year and four months. The landfill contains
an c¢verage of nine feet of municipal refuse with thirty inches or less of
cover material.

The site had been planted with barley for three tc four years. The
farmer reports that the yield from chis area was one-fourth of the yiell
from adjacent virgin lend. The plants were only half as high in this area,
the roots were stunted and thsre was poorer germination in the field over
the refuse. Settlement was alzo reported to be severe enough to hinder the
operation of farm equipment and disrupt surface drainage.

At the time that this data was collected the field over the refuse wa:z
fallow. The farme>r had given up in his attempts to farm the site. The soil
.appeared to be of noticeably poorer quality in the field over the refuse
than the adjacenrt virgin land. There were barren patches among th: weeds
and tarley that grew on the site.  In these areas where nothing wsas growing
combustible gas concentrations were found to range trom four to five percent
at a depth of one foot, and from fifteen to thirty percent at the three foot
depth. 1In areas on the refuse where the vegetation was doing fairly well no
combustible gas was found at the one to two foot depth. WNo cunbustible gas
was found In the active farm field adjacent to the former landfiil farm
field (Table I-5). The farmer reported that the barley planted in the field
off the landfill had grown much better than the barley on the landfill.

There does appear tco be a positive relationship between the poorest
barley growtn aund the presence of landfill gases.
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TABLE I-5.  FERCENT COMPOSITION* OF SOIL GASES IN BARLEY FIFLDS
‘ WITH GOOD AND POOR GROWTH

JOHNSON FARM, MARICOPA COUNTY, ARIZONA

Fair-Poor Yery pPoor

(iood Growth** Growth*** Growth#**

Sample Depth 1! 3 1 2! 1 3’
0, 20 - a - 8 -
co, o - 0 - 5 -

Combustible Gas 0 0 0 (0] 5 23

*Averag2 of 2 read1ng<
**Off landfill
*%%0n landfill

Glendale Nursing .lcme, Maricopa County, Arizona

The Glendale Nursing Home was built in 1975 cn the site of a former
sanitary landfill. 7The refuse was removed f[ic:i tlie area where the builaing
was located and replaced with clean fill and crushed rubble. However, the
refuse remained beneath the area where landscaping plarts were planted.

Landfilling with municipal refuse began on this site in 1966 and was
completed in 1974 to a depth of appro:iimately fifteen feet. Six inches of
daily cover were spread at the end of each day's fiiling and about thirty
inches of final cover was placed at the completion of the landfilling oper-
ations.

In the summer of 1¢75 the area surrounding the building was planted with
grass and various tree species, including olive, orange, and palm trees.
Silver dollar trees were vlanted in December 1976. Settlement areas in the
lawn and in one of the parking lots accumulate water when the irrigation
system is turned on. Despite frequent irrigation, approximately one-quarter
of the trees planted were dead or showed signs of stress as of January 19,
1977.

No combustible gas was found beneath any of the trees on the site except
for one trace reading at three feet under one living palm tree. However,
carbon dioxide concentrations reached 9 percent and 4.5 percent beneath two
dead silver doliar trees while no carbon dioxide was found beneath a living
silver dollar. However, this situation was reversed beneath two olive trees
where the highest CO. (&%) was found under a living olive tree and the low-
est concentration (2@) beneath & dead olive tree (Table I-6).
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TABLE I-6.  PERCENT CCMPOSITION* OF SOIL GASES BENEATH
LIVING AND DEAL TREES

GLFNDALE NURSING HOME, MARICOPA COUNTY, ARIZONA’

Living Irees Dead Trees

Siiver Dollar Olive Silver Dollar Olive
Sample Depth 27" . 30" 15" 36"
0, : 2C.5 12 15 21
0 8 ' 2
CO2 7

Combustible Guas 0 0 0 0

*Average of 1-2 readings

No consi:ztent relationship were found between vegetation survival and
presence of combustible gas or carbon dioxide. The dead plants appear to

" have succumbed because of transplanting difficulties.

Cal Sutton's rFarm, Maricopa County, Arizona

ince this thirty-eight acre sacitary landfill was completed in 1972
wneat, cotton, and harley have been grown on this site in altzrnate years
Wwith the aid of regular irrigation.

(&)

Municipai refuse was deposited in this area from December, 1970 to
April, 1972 ‘o0 a itctal depth of fourteen feet. Six inches of daily cover was
spread ovur the refuse at the completion of each day's cperation, and two to
three leet of cover material was spread as a final cover.

The yield fiom this landfill field is as much as forty percent below
that obtained frcm an adjacent fileld on virgin land. The soil. on the former
land(ill field dried quicker, requiring more frequent irrigation, than the
adjacent virgin field. Settlement has caused many undulations throughout
the field forcing the farmer to fill in the settled areas with soil from
unsettled areas of the field thereby creating : non-uniform soil depth
throughout the field. Many of these settlad areas suppcrted little vegeta-
ticn.

Combustible gas readirgs were taken in two good growth areas and two
poo- growth areas on the former landfil’. field. . Mos. of the test points
cou..d not be penetrated beyond one foot because the soil contained many
large rocks; however, three points were penetrated to three ieet The soil
bentme considerably softer and easier cto penetrate at two feet indicating
t.iat perhaps the refuse began at this depth.
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Very low combustible gaé concentrations (averaging about two percent)
were recorded at one foot in a poor barley growth area, and no combustible
gas was found in the good growth areas. However, at three feet, the com- .

bustible gas concentration was about fifteen percent beneath the good . growth
area.

Barley growth on the former landfill was poor although very little com-
bustible gas was found on the former landfill. Low combustible gas readings
were found in the t.ad growth areas while the good growth areas contained
almost no cambustible gas in the topsuil (Table 1-7). The extremely rocky
hard soil over the former iandfill probably contributed to the poor growth.

TABLE I-7. PERCENT CQMPOSITION* OF SOIL GASES IN VARIOUS BARLEY GROWTH
. QUALITY AKRTAS

CAT, SUTTON'S FAKM, MARICOPA COUNTY, ARIZONA

Adjacent to Former Landfill On Former Landfill
Best Growth Good Growth Poor Growth
Sample Depth . . 3’ 1 1
! . 1
32 20 20 2L
co, 0 1l 0
Combustible Gas 0 trace 2.0

*Average of 1-2 readings

C¥-SUBTROPICAL HUMID CLIMATE

Montgomery #2 Wareferry Roai, East Montgomery, Alabama

This operating iandfill was located in a former saund and gravel pit
covering about thirty acres. It contains general municipal refuse to a
depth of about twenty-tive fe=: in most places. Adjac-nt to the landfill is
a fifty-acre soybean fi21d. The retfuse nearest to the soybean field is about
five years old.

The fleld was examined fer possible landfill gas damage. The soybean
plants on the edge of a dirt road separating ".:e landtill from the soybeans
were :everely stunted, averaging abovrt six inches high. Plants further in
the field averaged three feet in height. This stunted area was approximately
twenty feet wide and followed ‘he edge of *“e road for the entire length or
the field. The farmer felt that this stunting was caused by the farm equip-
ment compacting the soill when it turned at the end of the field.
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Combustible gas checks in these stunted areas rcvealed that a small
amount of landfill gas was present. At a one-foot depth cumbustible gas
camprised an average oI one percent, no CO. was found and O, comprised
twenty-one percent of the soil atmocphere.™ At a depth of tgree feet combus-
tible gas averaged five rercent of “he soil atmosphere. A very slight odor
was present one fool bsneath the stunted plants.

The root systems of the stunt<d piants were compared with those from
the normal growth area. The roots of the stuntcd plants extended three to
four inchzs into the soil while those in the normal area rcached down one
foot.

Three other stuntéd areas within the main field up to 109 feet from the
reluse were checked for combustible gas. No combustible gas was found in
wny of these areas. The stunting in these ar=as was probably due to ponding.

Another stunted area located along the edge of the field was examined.
No . cambustible gas was found in this area. The lack of landfill gac<es ip
this area and the low concentrations of combustible gas where it wus round
and the lack of CO, where the combuctible gas was found supports the farm-
er's opinion that %he stunting was due to soil compaction.

Selma Sanitary Landfiil. "cute £0, Selma, ilabama

This small (three acre) landfill contains eight to ten fec: of ruirici-
pal and light industrial retuse. The refuse was only covered occasion:1ly,
resulting in an open-dwurp operation most of the time. This site was used
from 12¢y to 1973. Upon completion of landfilling the refuse was covered
with two to three feet of soil and was planted with lSblolly »ine s=edlipgs.
When planted in 1973 these seedling: ranged from eighteon inches to over
seven feet in height.

Very'little combustible gas was rresent in the s50il ovor the refuse.
Of twenty-two test points only twe contained combustible -as at 2 uepth of
one foot. The highect reading =t 1 depth of two {eet was ~bout ive percent,
beneath a loblolly pine which was seventy-five inche; high. one of the
largest trees on the site. Cince loblolly pine has a chaeracteristically
shallow lateral root ;yistem, two eet of soill should contain most of the
roots. Although the -ree hzighis ranged from eighteen inches to over :seven
feet, no correlations were tound to exist between Tree height and the tres-
ence Of combuJstivle gas. I general, the trees wore doing as well as might
ge 2xiacted i- similir zoil not located over a former refuse landrill.

Montgomery =] Can.tary Landfill, Mcntgomery, Alabama

This operating landfill was begun in the early 196C's. The refuse
ranges from ten feet to Tifteen feet deep cver an area of approrimately
twenty acres, The daily cover ranges from zero to :ix inches, with a Iinal
cover of abou* two feet. However, some areas lacked adejuate ccver ari the
refuse remained exposed. Some areas on the landfill have remair.ed flo-ded
for long neriods of time preventing any vegetation fron growing. Settle-
ment acpeared tc have caused the depressions in which the water accurulated.
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Trees and shruuvs covered the fifteen-year old portion of the landfill
while shrubs, small trees and annual w:eds have becume established on the
ten year o.d purtion. No combustible gas (or occasicnally very low combus-
tible ga:) concentrations were recorded in these vegetated areas. A positive
correlation was fcund between high combustible gas concentrations and dcath
of a Kentucky cotffee tree, while low cambustible gas was found beneath a
living cofTee tree (1uble I-8).

TABLE I-%. PERCLNT COMPOSITION* OF SCIL AJE3 BENEATI LIVING AND DEAD
KENTUCKY COrFEE TKYE

MONTGUMERY #1 SANITARY LANDFILL, MONTGOMERY, ALABAMA

Living Tree Dead Tree
Sample Derth . 1’ 2! 1 2!
1 - p -
O2 2 <0
CO2 0 - i -
Combustible Gas - 1 - 12

*Average of 1l-3 readings

Gautier Street Landfill, Tuskegee, Alabama

Tkis three acre landfill operated from 1355 to 1¢7C. Tie landfill
contains municipal ref\:se ranging in depth :rom a few Teel to about twenty
feet. There are two to three feet of rinal cover.

Native forest vegetation -.s adjiacen* *» the lendfill on *hree sides.
Vuiunteer vegetation from this {orest wus iound growing on the site, parti-
cilarly mimosa and loblolly pine. No attempts had been made to replant
<his landrill,

Two 1oblolly pine trees were checked for combustible gas in their root
zones; one healthy tree, and one which ext.ibited severe dieback. Combusti-
ble gas readings were similer beneath these two trees. However, CO,_, was
much higher under the unhealthy tree {Table I-.-%. 2

Four mimosa trees were compared; two were experiencinz severe dieback,
two were healthy. Cambustible gas wuas higher on the average near the symp-
tomatic trees. CO,, wes round to be higher near the unhealthy trees

N 2
(Table I-9;.
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TALLE I-9. PERCENT COMPOSITIONX OF E€J1L GASES
" BENEATH HEALTHY AND UNHEALTHY TREES
GAUTIER STREET LANDFILL, TUSKEGrE, ALABAMA }
!
Healthy Trees Unhealthy Trees .
Loblolly Mimosa Loblolly Mimosa !
Pine Pine
Sample Depth ' 3 2! 3 2° 3 2' 3’
.0, - 204 - 164 - 19 - 20
co, - 0 - 23 - 18 - c
Combustible Gas 10 - 33 - L1 - 173 -

*Average of 1-5 readings

01d Dothan City Landfill, Ashford, Alabama

This seven year old landfill accepted municipal refuse from the city of
Ashford from 1970 to 19'hk. The refuse was deposited in trenches dug approxi-
mately fifteen-feet deep, thirty-three feet wide and up to LOO-feet long.
There is about two feet of flnal cover over this refuse.

Weeds covered most of the site, No trees, either volunteer or planted,
were found growing on the landfill. There were a few dozen twenty-five to
thirty-five year old loblolly pine trees adjacent to the eastern edge of the
landfill. Two of the trees had been dead for more than a year while most of
the other trees were reasonably healthy Many of the trees in this area had
damage near tha ground as would result from a fire years before.

. The two dead trees were compared with two living trees (Table I-10).
The combustible gas in the soil atmosphere near the dead trees at the one
foot depth averaged 13 percent and at the three fcoot depth 17% percent.
This was considerably higher than what was found near the healthy trees.
Oxygen was found to be lower near the dead trees but more CO_, was found near
the living trees. 'The dead trees had evidence of cankering above the “fire
damage". This might have been.Jue to a disease. To what extent this could
have contributed to the demise of the trees could not be determined. The
data indicates tha! the trees could have been damaged by migrating landfill
gases,
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TABLE I-10.  PERCENT COMPOSITION* OF SOIL GASES BRENEATH
LIVING AND DEAD LOBLCLLY PINE TREES

OLD DOTHAN CITY SANITAKY' LANDFILL, ASHFORD, ALABAMA-

Living Loblolly Dead Loblolly
Pine Trees Pine Trees

Sample Denth 1’ 3! 1 2

02 21 - 17 -

co 5% - 0 -

ial
[N

Combustible Gas 0 1 1 173

*Average of -8 readings from root zones of 2 dead and 2 live *rees

Atmore Sanitary Landfill, Escambia County. Alabaia

Landfilling vegan at this five-acre site in August, 1973 =2nd continued
until August, 1976. It accepts general municipal refuse and wood, which is
burned. The refuse was placed in trenches about fifteen-feet deep and forty-
feet wide and 300~ feet to LOO-feet long. It was covered daily with six
inches of sandy soil. The final cover over the trenches is two feet deep.
When completed the site is to be reclaimed as forest land.

The first trench was campleted in February 1974 and was planted with
fifteen-inch tall loblolly pine seedlings in March 1974. Over 1,000 tree:s
were planted in rows six inches apart. Approximately twenty percent of these
trees were dead or missing in August 1976. The living trees ranged from
seventeen inches to over seven feet tall. These pines were judged to be
doirg fairly well compared with similar plantings on virsin soil by the
local Soil Conservationist who 1is involved in reforestation projects through-
out this county.

The soll atmospheres were compared between whore the trees had grown
very well, being seventy-seven inches to ninety-seven inches tall, and where
the trees weren't growlng well, being seventeen inches to thirty inches tall.
Very little CO. was found anywher> on this landfill and O, concentrations
were found to ge about normal at a one foot depth near bogh groups of trees.
Cambustible gas concentrations were generaily low at the one foot depth near
all of the trees, buat it was sligatly higher near the poorly growing trees.
At a three foot depth there was much more combustible gas near the poorly
growing trees (Table I-11).

) This data indicates that landfill gases may be hindering the growth of
some of the trces, but not enough to noticeably reduce the overall success
of the site.
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TASLE I-11. PEFCENT COMPOSITION* OF SOIL GASES BENEATH
’ TALL AND SHORT LOBLOLLY PINE TREES

ATMORE SANITARY LANDyILL, ESCAMBIA COUNTY, ATABAMA : *

77" to 97" Tall 17" to 30" Tall
Loblolly Pines TLoololly Pines
Samp“.e Depth 1! 3 1 : 3
r . - ' 2 -
J2 , 21 1
co, . 0 - 3 -
Carbustible Cas 0 5 1 11%

*Avrerage of 2-8 readings

Chatom City Landfili, Chatom, Alabama

The Chatom City landfill was begun in l967_to enable household refuse
to be brovght here for open burning. The fill was completed in 1974 and was
covered a®. that time with one to two feet of course,sandy coil. The entire
site, including the adjacent cut over woodlot, which is used as a source of
cover material, is five acres, .

Slash pine trees were planted six feet apart over the entire site in
1974 in order to reclaim the land. The pines were planted as twelve inch
seedlings, They were observed to range in helght from twelve inches to
forty-two inches in August, 1976.

No combustible gas was found in the soil anywhere on or adjacent to the
landfill. In general, the trees planted uver the area where the refuse had
been cpen-burned were doing as well as the trees planted adjacent to the
refuse.' Apparently, landfill gas was not a problem here because the organics .
had oeen removed from the refuse by combustion prior to the final closing of %
the landfill in 197L. ' .

CS-SUBTROFICAL DRY CLIMATE

City of Alameda Golf Course, Alameda, California

This eighteen-hole golf course was constructed on a completed refuse
£111 in 1355. Filling operations began sametime in the 1870's and ceased
in 1953. The composition of the refuse is variable over the site, some
areas having clean fill. About twenty feet of fi1ll hLas been placed over
bay muck.
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Although in general the trees are growing weil over the golf course, ~
(eucalyptus are up to thirty feet tell), there are losaliz:d severe problems
with vegetation growth and surface settlement. 1In one case, & 15 x 20-foot
bare spot on a fairway contained combustible gas at the one-foct depth of
greater than fifty percent. Adjacent to this spot are a number of Monterey
pine trees which exhibited a 3cod deal of varisbility in growth although all
were planted in 1957. Almost no combustible gas was found in the root zone
of these trees. The oniy combustible gr.s reading of nny magnitude was b%
percent at a three-foot depth. The soil around these trees was not un.form.
In some places it was extremely hLard.

" Poor drainage app2ars to be the greetest problem. Surface drainage is
pcor, particularly where extensive settlement has occurred. The dikes keep
out the salty bay water, but the fresh water doesn't, have any outlet because
of these dikes and the dense nature of the clay subsurface soil. . This area
was examined during w severe drought, yet fresh water was found to be satura-
ting the scil in several placss at a depth of only one foot.

Galbraith Golf Course, Oakland, California

This golf course was cons*ructed in 1966 on a 180-acre landfill com-
pleted in 1965. The landfill contains trash, rubble, and industrial waste
in depths of fifteen to thirty feet. The cover-material depth ranges from
zero to one foot. Settlement problems have occurred in some areas of the
.course. There has also been a large loss of trees, perticularly rines, over
the entire site. Scme of these trees have blown over due to lack of a deep
root structure; others were kmown to be killed by industrial waste; the cause
of death for some wss unknown.

Mounds of soil were deposited on the cover material along the fairways
to provide for the growth of some trees. Other trees were planted directly
in the cover material without mrunds. It was noted that most of the trees
in the mounds were eucalyptus while most of the pines had been planted di-
rectly in the cover material.

The most extensive vegetation growth problems occur on and around the
eighth fairway. In this area the grass was growing poorly and rmch sett:.:-
ment was evident. At several points in this area the combustible gas concen- _
tration in the soil atmosphere at a one-foot depth was five percent or ' &
greater. Some of the pine trees along the falrway were doing much hetter
than others, but cambustible gas readings around several of these healthy
trees were not significantly different than those around the poorly growing
trees. Canbustible gas at one foot depth near these trees ranged from O
percent to about 5% percent, and at the two-foot depth it ranged from O
percent to greater than fifty percent. '

Same of the mounds are located in areas containing combustible gas.
Data were collected to determine the ability of the mounds to provide gas-
free soil for root growth. Two mounds were examined., Both were about
thirty inches high at the center and about twenty-five feet in diameter.
The eucalyptus trees on both mounds appeared to be growing rather well.
In the cover material next to the nounds, combustible gas was found in two
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~than fifty percent. On one of the mounds combustitle gas was absent down

of six points tested at a one foot depth. At & two-foot depth these same six
roints all hdad conbustible gas renging from about five percent to greater

to a depth of two-feet six inches at three points. On the other mound no
combustible gas was-found et cne and two-foot derths, put at e depth of three f
feet, concentrations were four percent to five percent. '

The mounds were relatively free of gas to a dep'h of one foot; however, i
gas concentration was also veiy low in the cover soil. Therefore, the
absence of appreciable gas in the root areas on the mounds may have been due
to the cover soil serving as 2 barrier to the gas.

Oakland Scaveriger Company, Davis Street Sani‘tary Landfill, San leandro,
California

This 2L47-acre landfill receives mcst of the municipal refuse generated
in the Oskland-San Leandrc area. The landfilling was begun around 13950, and
is scheduled to bte completed in 1977 or 1978. The twenty to forty feet deep
landfill will then be converted into a gol: course.

At the time of this inspection the only vegetation on the site was loca-
ted along the bay front, which was landscaped in 1969 to reduce the eyesore
created by the overating landfill. Four species of trees: Monterey pine,
cypress, and two species of eucalyotus(red gum and blue gum) have been plant-
ed. A shrub, bottle brush, was also found here. At first this site was not
irrigated and problems of poor trz2e growth were ‘attributed to lack of water.
After an irrigation system was installed, in early January 1976, many or the
trees which were having growing problems showed impiovement.

Two large eucalyptus did rot improve and appeared to be dead. No refuse,
or to be more accurate, no differential texture that would indicate refuse in
this area was encountered in penetrating the soil at these eucalypti with a
bar-hole maker. This, in conjunction with the lack of any cambustible gas in
the soil atmosphere, indicates that these eucalyptus trees were probably not
on the landfill but on the dike wnich had been constructed to keep out bay
water. :

Some of the trees located on the refuse showed stress symptoams, most
noticeably chlorosis (browning cf the needles in pine) and stunting. Soil
gas readings were taken near four Monterey pines, two of which were healthy
and two unhealthy (Table I-12). Similar readings were tasen for a healthy
and an unhealthy cypress (Table I-1.2).

The data cnllected near the pine trees indlcates a possible positive
relaticnship between the occurrence of combustible gas and stress symptoms.
The data colle~ted near the cypress are inconclusjve due to the. very low
concentrations of combustible gas.
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TABLE I-lc. PERZENT COMPOSITION* OF SOIL GASES
: BENFATH HEALTHY AND UNHEALIHY TREES

'OAKLAND SCAVENGER COMPANY-DAVIS STREET SANTARY
TANDFILL, SAN LEANDRO, CALIFOPNIA

Healthy Trees Unhealthy Trees

Monterey Monterey
Pine . Cypress Pine Cypress
Sample Depth. 1 2' 1! ! 1 2! 1 2!
o, 1 - - - 20 - 21 -
co, L - - - 0 - 0 -
Combustible Gas - 5t - 0 - 20% - trace

*Average of 1-8 readings

Marine Park Golf Course, San Leandro, California

Nine holes of this eighteen hole golf course have been constructed cn
a ccmpleted landfill. The filling woerations ceased in 1967 and the course
was completed in 1972. Most of the refuse consisted of nonputrescible con-
struction Jebris and paper deposited to a depth not exceeding twenty feet.
Two to three feet of clay were put over the reflise as cover.

The golf course has not experienced problems with settlement or exces-
sive loss of vegetation. A wide variety of trees and snrubs are growing
over the site. BEucalyptus trees, many of which are over twenty teet tall,
were the most noticable species. One area where several large pine trees
had died was pointed out by the grounds-keepers. No combustible gas was
found in this area. Mr. Frank Gresn, superintencent, attributed much of
this loss to the roots growing into the refuse.

One arcea was reported to have scme sewage sludge deposited in it. A
variety of trees was growing in this area and appeared to be doing well, as
was the grass. The only apparent interference with giod grass growth was
that caused by puddling in areas of poor drainage.

At a depth of two feet, throughout an area where healthy eucalypti were
growing, -ombustiple gas readings ranged from trace to over fifty percent at
nine of the eleven sampling points. At a one-foot depth only two of these
eleven points had any combustible gas (approximately two percent and five
percent). These data indicate that the heavy clay cover-material was prob-
ably effective in containing the landfill gases.
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dountain View Sanitary Landfill, Mountain View, California

This operating landfill will be converted to a golf course when com-
plcted. The entire area has been reclaimed from San Francisco Bay by diking.
The refuse ranges in depth from twenty-five feet tc asbout forty feet and the
cover material, while variable over the site, averages about two feet. A
1200,7/zubic yard refuse density is said to be obtained in the landfill.

Three areas vwere examined. ‘he first had a variety of eucalyptus species,
planted by the Unilversity of Californie. in about five feet of cover. These
seemed to be doing well. Seven points were sampl:d in this area but only
one contained combustible gas, ani that was at a depth of three feet.

The second area examined had a row c¢f eucalyptus trees which were plant-
ed on the most inland dike. Many of these trecs were dead and mo:;t of those
still living were experiencing severe dieback. The soil in thic area was
very bard and dry. Two of the Jdead trees were checked for combustible gas.
None was found.

The third area examined was a 380' x 290' nursery of ycung trees which
are to be transplanted when th~ golf course is landscaped. This area is on
the refuse and the cover consists of one foot of compacted clay underlying
twce feet of loam, into which sewage sludge was incorporated. ‘he trees are
irrigated. These plantings are expected to help in the selection of tree
species for planting on the golf course. The plot 'is laid out in a grid
pattern containing twenty-five specles and nineteen individuals of each
species. The different species varied in their resction to this situation,
same being healthier than others. The redwocd trees Segquola gigantea and
S. serpervi.ens hed the greatest problem adjusting; all had died.

The feature of interest was not the ability of the dif"2rent trees to
grow here, but rather the ability of the clay layer to contein the landfill
gas. Of thirty-two combustible ges readings taken at a one-foot depth, only
.ive reccrded the presence of combustible gas (ranging fram a trace to
about fifty percent). The four high readings were &all o“tained from within
a forty-five foot long oblong area near the edge of the plot. Of fourteen
combustible gas readings taken at two-foot depths, only two contained com-
bustiole gas, and that was only at trace concentrations. At a depth of
three feet, all thirteeen points tested contained combustible gas. The
readings ranged from a trace to greater than fifty percent.

South Coast Botanic fGarden, Paios Verdes, Caliilornisa

The South Crnast Botanic Garden is located on the Pslos Verdes peninsula.
It was constructed on an eighty-seven acre former landfill having a maximum
depth of 165 feet. The landrill was constructed from 1957 to 1965 in a
former diatomaceous-carth mine which had operated from 1929 to 1954. Diato-
mececus earth was used a2 landfill cover.

The Botanic Garden, which was heourn in 1961, 1is one of the first to be
develioped on a campleted sanitary landfill. It .oasts of 140 plant families,
apout 700 genera and over 2,000 species, with a total of wore than 150,000
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plants.  ‘The entire garden, with the exception of a concrete-lined pond was
placed over a former municipal and industrial wuste landfill,
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The garden was observed to be well vegetated and presented & pleasiag
appearance. Problems establishing vegetation on the site were r:ported,
these include wind toppling trees, settlement,and high soll tewreratures.
This swvey conl.rmed the problems that were reported. Of garticular inter-
est was the occurrence of nigh soil temperatures which were appareally ex-
cluding the growth of vegetation in at least one area (Tabl:- 1-13). Opera-
tors of the garden blamed many vegetation losses upon high s»il temperatures
but not on landtill gases. Hcwever, hlgh concentrations ¢f 1undfill gases
were frequently found assoclated with high soil temperatures.

TABLE I-13. PERCENT COMPOSITION OF SOIL GASES AND SQIL
TEMPERATURES. AT HEALTHY AND DEAD OR POORLY
. ' GROWING VEGETATION

SOUTH COAST BOTANIC CARDEN, PALOS VERDFS, CALIFOFNIA

Healthy Vegetation Dead or Poorly
Growing Vegetation
African Hybrid Broan African Hybrid Broom
Dalsy Cytisis Daisy Cyvisis

.racemosis racemosis

Sample Depth 1+ 13" 36" 1+ 13" 36" 1' 13" 36" 1* 13" 36"

o, nmw - - 19 - - 1 - - 13 - -

co, 16%--0--13%--’-15--

m— .

Combustible Gas 23 - - 0 - - 15 - - 22 - -
Temperature °F - 8 1109 - 61 73 - 99 130 - 102 104

Note: Ambient air temperature = 50°F @ 8:L45 am andi 65°F @ 2:30 pm

- —————— e e

In this survey of the Gardca, combustible gas and elevated levels of
carbon dioxide were found at a depth of one foot In several areas. An
examinatior of the soil atmospheres near four living and two dead acacia
trees revealed a possible correlation between the death of the trees and
the presence of landfil) gases in the soil atmosphere {Table I-~14). There
was also evidence of a canker disease on scme of these trees both living
and dead. To what extent this disease contributed to the demise of these
trees could not be determined in these uncontrolled field conditions.

An area where grass was observed to be growing very poorly or not at
all was compared with an area where the grass was doing very well. Cam-
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bustible gas and carbcn dicxide were found to be mach higher in the soil
where the grass wasn't growing well (Table I-14).

TABLE I-1L, PERCENT COMPOSITION* OF SOIL GASES ANL SOII
TEMPERATURES*#* AT HEALTHY ANL UNHXALTHY V.:SETATION

SOUTH COAST BOTANIC GARDEN, PALOS VERDES, CALIFCRNIA

Healthy Jnhealt
Acacia Crass Acacia Grasc
Trees Trees
Sarple Depin 1 3 1l' 3 1 3! 1’ 3!
0, 188 - 195 - 13 -y -
co, _ 2 - 0 - 12 - 7 -
Combustible Gas 5 - 3 - 19 - 11 -
Temperature °F - 60 - 57 - 78 - 64

*Average of 4-11 readings
**3ingle readings

It appeared that mucu of the success of the vegetation growth was asso-
ciated with the lack of lanifill gases in the root zone. This may have been
duc to the diatomaceous earth cover-material acting as a gas barrier.

South Coast County Tark. Palos Verdes, Talifornia

South Coast Ccunty Park is located across Crenshaw Boulevard from the
South C~<.st Botanic Garden. It currently consists of a twenty-five acre
forwer landfill tract which is being used as a park. Ultimately the park
will cover 173 acres of fermer landfill, and it will inciude an eighteen
hole golf course plus other recreational facilities. Some settlement has
occurred and migrution of combustible gas into an adjacent church building
south of the landrill had to be corrected by venting through an induced
draft system. This gas is burned in an outdoor flare.

Manhattan rye grass planted on the site appears green and luxuriant.
Some planted trees are underlain with a layer of large gravel and vented
with vertical 4 1/4 I.D. plastic pipe to u depth of two feet. The area is
well irrigated, fertilized, and aerated. The soil temperatures fell between
50° to 57° F.

Landfill gas is extracted from this site by Reserve Synthetic Fuels,
Inc., who produce pipeline quality methane for sale to the local gas cam-

pany.
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Data are presented in Table 1-15 ccmparing two sets of planted trees.
’n both cases, high concentrations of combustible gas were found in the rcot

zoneé of the poorly growing trees while very little was found in the rcot
zcues of the healthy trees. .

TABLE :-15. PERCENT COMPOSITION* OF SCIL GASES
AT HEALTHY AND UNAEALTHY VEGETATION

SOUTH COAST COUNTY PARK, PALOS VERDES, CALIFORNIA

Healthy Vegetation Deed or Chlorotic Vegetetion
Melaleuca Aleppo Melaleuca Aleppo
Pine Pine
Sample Depth 1 3! 1- 3! 1 3 1 3!
0, 7 - 17 - 3 - 1 -
co 5 - - 43 - % -
2 . 0
Combustible Gas N 5 <1 >50 >50 >50 >5C  >60

*Single readings

ountein Gate Golf Course, Sants M-nica, Los Angeies, California

Mountain Gate Golf Course is a privately owned eighteen-hole executive
golf course which was built on the site of a landfill (Mission Canyon #u
and #5) which operated from 1965 to 1972. Plantings of Pinus halepensis
(tleppo pine), BEucalyptus, Myaporum, Acacia, Ficus and other species were
established in 1973. Grass types :onsist of Penncross Bent on the greens,
Seaside Bent on collars, and Bermuda grass on the fareways.

Extensive se%tling has been experienced on the golf course, amcunting
to as much as eleven feet in a single year. Daylight cracks are observable
between landfill and non-landfill areas. The main irrigation lines are
buried only in virgin ground. They are elevated above ground in the refuse
deposition area. Flexible couplings and elevators permit movement within
the piping system as settling occurs. Still there are about two breaks per
week in the feecder lines as a result of uneven settlement of the underground
pipes. The seven greens in the refuse deposition areas are underlain with
four to five-inch thick concrete slabs, buried 2% to 3 feet in the ground.

A four to five-incl--deep layer of one-inch stone overlays the concrete slabs.
Still, high combustible gas readings were observed in thé soils of the greens.
It has been estimated by the gelf course constructiorn superintendent that
costs of maintensnce of a golf course on a landfill (including irrigation,
repair of daylight cracks and pipiig, drainage, etc.) are twenty percent
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The soil atmospheres in areas where the vegetation was growing well were
compared with that in areas where the vegetation was growing pocrly. Two
two-needle pine trees were compared, one of which was dead and the other
alive. The combustible gas in the soil near each of the trees wis about <h-
same but CO02 wus lower and 02 was higher near the tree which was living
(iable I-16 ). Where alerpo pines and Lucalyptus trees were growing poorly
landfill gases were found in the soil atmosphefgj ar.d where these treaes were
growing well no landfili gases were found (Tatle I-16).

TABLE I-16. PERCENT CQIPOSTITICN* «r SCIL GASES
AT HEALTHY ANO UWHEZALTHY VEGETATION

MOUNTAIN GATE GOLF COURSZ., SANTA MONICA, CALIFCRNIA

Dead or ‘tocr

Healthy Vegetation Growth Vegetaticn
Two-Needle Aleppo Pine Two-lleedle  Alerpo line
Pine - & Eucalyptus Pine % Eucalyntus
Samp le Lepth , 1 1! 1’ 1’
0, : 1L 20 9 9L
co, 75 0 124 5
Combustible Gas 5-15 0] 5-15 >50

#*Singie readings

Mission Canyons #l, 2, and 3, Los Angeles, California

In June, 1960, the County Sanitation Districts of Los Angeles County
commenced sanitary landfiZling operations in Miszion Canyons 1, 2, and 3,
lccated in the Santa Monica mountains in northwestern Los Angeles {Figure
I-1.). Operatinns continued until October, 1965 when they were shifted
southerly tc Mission Canyons b and 5 which were to become Mountain Gate
Golf Course.

By January of 1976 a grass cover had been established on MC #1l; MC #2
had been pianted along its easterly side with a 50 to 100-foot wide la.d-
scaped buffer zone; and MC #3 had been developed into a park containing
grass, shrubbery, and trees. ‘

Depositiocn of refuse in MC #1 was completed in 1963. Three or more
feet of cover wes reported to have been placed over this ten acre area,
which is now planted with mixed grasses including alfalfa. These grasses,
which are irrigated regularly, appear to be healthy. However, there are
cortinuing problems with extensive, uneven settlement and with "daylight
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Figure I-1. Mission Canyon Landfills _, 2; and 3, North Sepulveda Blvd,. Los Arngeles, California
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crazks' along the interface of the refuse a:d virgin ground,

‘Missicn Canyon #° is & fifteen acre tract atop a landTill started in ]
1662 and -ompl~ted in 1965. Currently one and-a-half acres along the eastern

‘boundary aave been developed toward its ultimate use as an aesthetic barrier

between adjacernt, developed residential areas and future landfill operations.
Plantings or 1973, which are located priuwarily on a seven to eight-foot deep
be,m at the eastern edge of the refuse, appear to te grcwing well. This may
be du=, at least in part, to the presence of five operating gas-extraction
wells on the tract. These wells were installed fo prevent lateral gas migra-
tion. Two ground gas checks in the vicinity of the landscape barrier revealed
only very ainor amounts of combustible gas in the soil a*mospheres,

Mission Canyon #3 is a ten-acre park built on a landfill that was con-
structed between 1960 and 1965 The refuse is reported to be - deep as 200
feet in places. Grass has been planted over the park along with scattered
trees. The main plantings were Eucalyptus and Pinus plus a few Acacia.

The surface of this park was originally graded to promote drainage
towards tne periphery or the vark. Since the original landscaping in 1973
settlement has reverseé this grade so that at the present time most of the.
runoff is carried towards the center of the park. Here the refuse is deep-
est and settlement has been mast extensive.

Table I-17 presents fleld data. In general, little combustible gas wsas
tound ir the soil atmosphere until the three 1oot-depth was reached. This
may have been due, at least in pait, to the teu gas-extraction wells located
arouni this site. Landfill geses were not touid in the root zones of the
vegetation. The gases collected are burned in a waste-gas burner located
near *he bottom of Mission Canyon. The tree. and grass in general appeared
to te growing fcirly well. However, there were a number of bare spots in
the lawn, a tew of the trees were doing poorly, and a majority of the pines
appeared chlorotic. In places the soil was water-logged at the time of our
visit, apparently because of recent irrigation,
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TABLY I-17. PERCLNT COMPOZITION* OF SOIL GASES
: AT HEALTHY AND UNHEALTHY VEGETATION

MISSION CANYON #3, LOS ANGELES, CALIFORNIA

Healthy Vegetation Unhealthy Vegetation

. Eucalyptus Two-Needle Grass Eucalyptus Two-Needle Grass

Fine Pine
Semple Depth ' 1 1' 1’ 1 . 1’ .1
0, 20} | 21 21 174 203 | 21
co, o 0 0 15 2 0
1 <1

Cowbustible Gas 0 0 0 0 <

*Average of l-L readings

Dea~-TEMFERATE CONTINENTAL WARM SUMMER

Hunter Farm, Cinnaminson, New Jersey

e s ettt et id e el . .o T

The 100-acre landfill across the street from the Hunter Farm was report-
ed to have been started in 1965 in an 0ld sana-and gravel-pit. The fill
waterial is 40-80 lect deep and consists of all types of refuse. The refuse
was placed directly across the road from the farm beginning abcut i ¥#9.
Damage to farm crops was first noted in 1970.

At the time of this inspection, the farm tield across the street to the
southwest of the landfill was planted with corn. Appruximately 250 reet
away trom the landfill was an irregularly shaped are=a of corn exhibiting
severe stunting and chiorosis. Tle surrounding corn loocked very health:.

The dimensicons of the chlorotic and stunted zone in the field were
deternined and soil satmosphere was checked for the presence of combustible
gases, oxygen cnd carbon dioxide. Approximately thirty rows of the corn
exhibited poor growth. A transect was made along which combustible gas,
oxygen snd CO, were measured at the ocne-foot and three-foot depths respec-
tively &at fif%uen foot intervals. The good growth areas contained no com-
bustible gas while the area whichk exhibited chlorcsis and stunting contained
ar average of fifteen percent combustible gas (Table I-18). The 002 concen-
tration was much hizher and the O, concentration considerably lower™in the
area of poor growth. Overall, we found positive relationship between the

presence cof decomposition gases and poor corn growth.
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TABLE I-18. PERCENT CCMPOSITION* OF SOIL GASES
: AT HEALTHY AND UNHEALTHY CORN

HUNTER FARM, CINNAMINSON, N=W JERSEY

N Good Corn Growth Poor Corn Growth

Sample Depth ' . i3 1t 3
o, o133 - 33 -
co, L3 - 20 -

Combustible Gas , - 0 - 15

*Average of 2 readings

Pefugenio Brothers Peachtree Farm, Glassboro, New Jersey

Landfilling at thisisite adjacent to the peach orchard began in Febru-
ary, 1968. The filled material included refuse collected from household
coliections plus some demolition material, industrial waste and sewage sludge.
The landfill is lccated in a former sand-and gravel-pit which had a depth of
about twenty feet. Upon completion of the landfill, the peach farmer haa
hoped to plant additional peach trees nver the filled area by enlarging the
adjacent orchard. However, in 1371, cwo years atter the coumpletion of the
filling operations.adjacent to the N-Z side of the orchard, peach trees
closest to the refuse filled area began to die. One year later soil gas
measurements were made, and combustible gases and CO2 were detected beneath
rany of the dead trees.

By June 1975, many additional trees had died. Soil gas checks in the
area revealed that combustiblas gas was beneath a chlorotic, mostly defoli-
ated matvre peach tree, while nc combustible gas was found beneath the adja-
cent mature peach tree which showed moderate growth (Table I-19).

New seedlings had been planted on the southeast side of the landfill
and the trees in the row closest to the landfill had all died. Combustible
gas was prPsentlbeneath a dead tree in this first row, but it was not
present beneath a living tree in the second row away from the refuse. The
presence of combustible gas was found to be directly related to the death
of reach trees in this orchard adjacent to the refuse landfill.
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TABLE I-19.  PERCENTAGE COMPOSITICON* OF SOIL GASES
. VS PEACH TREE VIABILITY

DE EUGENIO PEACH ORCHARD, GLASSBORO, NEW JERSEY

Poor Growth or Dead Trees ’
Saplings Mature

Good Growth Trees
Saplings " Mature

Sample Depth i 3! 1 3 3’ ' 3’

0, 19 - 20 - 19 - 168 -

CO2 o - 0 - 0 - 5% -

Cambustible Gas - 0 - o - 5 - >15

*A11 readings are single samples

University of Connecticut, Storrs, Connecticut

The University of Connecticut began a project in 1970 to determine if
corn could be grown over a campleted landfill. One hundred and fifty foot
long trenches thirty feet wide and ebout ten feet deep were spaced thirty
feet apart and filled with mostly newspapers. A corn erop was subsequently
planted over the trenches and intertrench areas. The project ran out of
funds at this time. However, a decrease in corn yield was observed over the
trenches as compared to the intertrench areas. The soil over the trench
areas was also reported to be of poorer quality. —

In 1975, alfalfa and clover were planted over this area. Our field
observations of these crops chowed a significant decrease in flower helght
over the trench areas (Table I-20). Scme sample stations in the trench
(poor growth) area contained cambustible gas at three feet while other
sample stations contained no combustible gas. No sample stations in the
intertrench (good growth) areas contained combustible gas. Therefore, in
some cases, the presence of cambustible gas related directly to pnor vege-
tation growth while in other cases there was no correlation between poor
growth and the presence of combustible gas.
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TABLE I-20.. PERCENT CQMPOSITION* OF SOIL GASES AT AREAS OF
GOOD AND POOR “GRWTh,ALFALFA AND VETCH

UNIVERSITY OF CONNECTICUT, STORRS, CONNECTICUT

Good Growth Poor Growth

Sample Depth ' 3! I 3!
0, 173 : 2v
co, 0 0
Combustible Gas ' ) 0-33

*Average of 1-39 readings

Farmington Sanitary Landfill, Unionville, Connecticut

This landfill contains an average of about twenty-five feet of munic-
ipal retuse covered with about two feet of soil. The landfill was completed
in 1973. '

The area ex~mined.had been planted with about 200 Scotch pine trees.
Few of them were still living when this data was collected. Lack of care
and competition fram volunteer specles, particularly quaking aspen, might
account for their demlise. A good deal of variation was noted in the condi-
tion and dispersal of the quaking aspens over the site. A negative rela-
tion was found between the presence of combastible gas and CO, and the con-
dition and dispersal of aspens. Several patcheés of tall (5 t8 8 feet) dense
stands of aspens were observed. In other areas the aspens were under four
feet tall and scattered, or they weren't growing at all. Wwhere the qusking
aspens were doing well no cambustible gas was found at the one-foot depth
and an average of % percent CO, and 19 percent O, was found in the soil
atmosphere. Where the trees weTen't growing, or aere growing poorly, the
soil atmosphere contained on the average, about 1 percent cambustible gas,
9 percent CO2 and 14 percent O2 at the one-foot depth (Table I-21).

This data 1s consistent with the possibility that the presence of land-
fill gases hindered the establishment of the aspens on this site.
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TABLE I-71,  PERCENT COMPOSITION* OF SOIL GASES AT AREAS CF
HFEALTHY AND POOR GRCWING QUAKING ASPENS

FATMTINGTON SANITARY LANDFILL, U4ICNVILLE, CONNEC,ICUT

Healthy Aspens ) Poor Criwing a-nons
Semple Depth ' ' L 1!
1
02 . 9 14
co, 3 9
Combustible Gas ' ¢ _ 1

*Average of 3 readingé

Holyoke Sanitary Landfill #1, Holyoke, Massachusetts

This landfill was begua in 1960 end was stiil in operation when this
data was collected. The refuse is about forty feet deep and consists almo:t

entirely of incinerator ash.

No attempts had been made to establish vegetation on the site. Dead
ir=es were observed adjacent to the landfill. No combustiblz gas was founc
on »r adjacent to the site indicating that very little anaerobic decompecsi-
tion was taking place in the refuse., The trees had apparently been killed
by soil eroding from the site.

Holyoke Sanitary Lendfill #2, Holyoke, Massachusetts

This landfill operated from 1969 through 1973. It contains municipal
refuse mixed with incinerator ash to depths of 120 feet in same places.

2% interest at this site werz some black cherry trees growing adjacent
to the refuse on virgin soil. A good relationship can be seen between death
of black cherry and the percent of combustible gas in the soil atmosphere.
Under two dead black cherry trees combustible gas in the 100t zone averaged
10% percent of the soil atmosphere at a three-foot depth. Ccubustible gas
concentrations wera higher near the tree which had died this year as com-
pared with the tree which had been dead for over & year. Uader a live black
cherry, twenty feet from the dead *trees, no combustible gas was found (Table
I-22). '

There was very little vegetation growing on the landfill. Nothing was
planted and very small patches of voluntary weel species were seeding them-
selves. The cover material on the landfill was very dry and rocky; no top-
soil had been put on it. 1In some areas the cover had eroded exposing the

refuse.
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TABLE I 22.- PERCENT CQMPOSITICN* OF SOIL GASES
AT LIVING AND DEAD BLACK CHERRY TREES

HOLYOKE SANITARY LANDFILL #2, HJLYOFE,.MASSA(HUSETTS !

Living Cherry Bead Cherry
Sample bLienth 1 3 ' 1! 3!
0, 19 - 19 - o
CO2 . 0 - 3 -
Combustible Gas - o - 104

*Average of 1-7 readires

Erlton Park, C.erry Hill, New Jersey

" This 9-10 acre completed sanitary landfill was formerly a sarnd and
gravel pit. General municipal refuse was deposited heve, begiuning in 1363,
to a depth of ten to sixty feet. Dumping was completed in 197C, and effor*s
to turn the site into a park were begun. - :

It appeared that less than half of the original trees planted at this
park in 1974 were still slive. However, today's tests did not indicate any
particular relationship betweer the presence or absence of combustible gas
in the root zone and death or 1ife of tne vegetation (Table I-23). 1In mos:
instances no combustible gas was found in the root zones of c¢ither the live
or +he dead trees. The high rate of trez death may hav~ been 1ve to poor
tree -planting practice. '

Hard soil leyers were noted belsw the one-root'depth over much of the
park. These laycers may be keeping the gas from the tree roots and sendirg
it to the vents around the periphery of thz former landfill.
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TABLE I-23. . PERCENT CQMBUSTIBLE GAS IN SOIL GASF3
AT LIVING AND DEAD TREES

EARLTON PARK, CHERRY HILL, WEW JERSEY

Living Trees ' anlerees
Two-Needie Poplar Spruce  Two-Keedle Pdplar Fir
Pine Pine
Sanmle Depth 1 l%' 1t 2 it 2! * 2* 3* 1" 2" 3+ 1' 2!
0 <4 0 0 0 0 0 0 >0 00 0 .00

Kenilworth Demonstration lLandfill, Washington, D.C.

The completed landfill is about thirty feet deep and covers approximately
250 acres, It was started in 1942 with only incinerator ash. From 1969 to
1970 a project described as a period of model landfill operations was con-
ducted during which time raw household refuse, as well as incinerator ash,
were deposited. The entire area was then completed with a final twenty-four
to thirty inch deep soll cover.

Between 1970 and 1975 about 200 trées were ‘planted. These included red
oak, sugar maple, and willow. The trees were not irrigated after planting.
At least fifty percent of the trees showed signs of chlorosis with many of
these being partially or completely defoliated at the tire of our visit.
Cambustible gas chaecks in the root zones of all but two trees failed to
reveal combustible gas. Muny of these trees had apparently died fram lack —_
of water. The two trees with combustible gas in the root zone were entirely
defoliated. A relation between dead trees and the presence of combustible
gas existed in same, but not all instances (Table I-2h).
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TABLY I-2Lk,  PRRCENT COMPOSITION* OF SOIL GASES
AT LIVING AND LZAD TREES

KENILWDRTH DEMONSTRATION LANDFITL, WASHINGTON, D.C.

Living Trees ' Desd Trees
Surar Maple  Sweetgum Suger Maple Sweetgum
Sample Depth AR 1 1 1
O2 18 - - 5 -
co, 0 - 12 -
Cambustible Gas 0 0 >5 0

*Average of 1-2 readings

Holtsville Sanitary Landfill, Brookhaver, New Ycrk

This former landfill covers approximately fifteen acres. Landfilling
began around 1955 in an ol? sand and gravel pit. All types of refuse were
accepted including municipal waste, industrial waste and some barned
material. The refuse was placed thirty to forty feet belcw the. ground sur-
face and twenty to thirty feet above the surface over part of the landfjll.
One to six inches of daily cover were sprced over the re.iase at the end of
cach day's landfilling operation. The future of this landfill as a park was
considered when the final cover was being spread. 'One foot of sand was
placed directly over the refuse and cne foot of loam wes spread over the
sand for the promotion of good grass growth.

Over the former refuse fill area there is a general growth of grass and ;
weeds. Grasses appear to dominate. Tle area is presentily unused, but it is .

to be developed into a park. Ther:2 is a parking lot uc the south of the fill
ar2a and a wood lot on the west side. Dead and dying oaks and pines were ob-
served on the south and west sides adjacent to the refuse.

An excellent relationship (Table I-25) was found between the prasence of
combustible gas in the soil and the death of deeper rooted vegetation (oak
and pines apoiroximately twenty-five years cld) adjacent to the landfill. No
combustible gaces were found in the root zone of viable vegetation, but high
concentrations were found in the root zones of the dead trees adjacent to
the landfill.
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TABLE I-25. PERCFNT COMPCSITION* OF SOIL GASES
AT LIVE AND DEAD RED QAKS

HOLTSVILLE SANITARY [ANDFTLL, HOLTSV1LLE, NrW YORK

Live Red Oaks ' " Dead Fed Ouks :
First Tree Second Tree First Tree Second Tree
Sample Depth . 1’ 3’ o 3! 1l 3 1 3
| 0, - 12 - 13 - L - 12
€2 - 9 - 0 - 8 - 10
Combustible Gas 0 - 0 - Lo - >50 -

*Average of 1-3 readings

Kings Park Sanitary landfill, Smithtown, New York

Ry 3 T c s | Y

] ot e e, ot o

" The twenty-three acre landfill, which was begun in 1971 in a former sand
and gravel vit, was still in operation at tae time this data was collectea.

"The refuse is of a general municipal type end averages about sixty feet in

depth. No vegetation was observed growing on the lardfill.

Adjacent to the landfill,. on the south side, many dead large oak trees
were observed in a woodlot. located between the landfill and 0ld Northport
Road, A dead wh::te oak about thirty feet tall was compared with a living —_
white ocak of about the sane size. Both trees were located in the woodlot.

A dead h=mlock six feet tall was compared with a living heildock seven feet
tall. Both hemlocks w:re planted in 1970 by the city on the edge of the
woodlot nearest the rcad. Soil atmosphere concentrations of combustible gas
and carbon dioxide were found in much greater ccncentrations in the root zones
of the dead trees than in the root zones of live trees. Oxygen concentrations
in the soil were much lower at the dead trees than at the live trees

(Table I-26).
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T4BLE I-26. PERCENT COMPOSITION* OF SOIL GASES
: T AT LIVE AND DEAD TREES

KINGS FARK SANITARY LANDFILL, KINGS PARX, NEW YORK

Live Trees Nead Trees
wWhite Cak Hemlock . White Oak Hemlock
Sample Depth : 1’ 3 1 3! it 3! 1 3!
0? - 11 - 20 - L - 6%
co, - 8 - 2 - 32 - 193
Caubustisle Gas 1-2 - o - >50 | - 5 -

*Average of 1-3 readings

Huntington Sanitary Landfill, Huntington, New York

It had been reported that many large vak trees adjacent tc this land- -
£111 had been killed. &An on-site investigation revraled dead trees adjacent
to, ard around most of the landifill. The incinerator ash aid municipal ref-
use had been placed in a fifty-five foot deep former sand and gravel pit.

An area near the southeast corner of the landfill along Town Line Road was
chosen for this investigation.

A comparison of the soll atmospheres at the living and dead oak trees
adjacent to the landfill (Table I-27) show that eéxtremely high carbon dioxide
and combustible gas recadings were associated with the dead oaks. Generally
lower oxygen concentrations were found in the soil atmospheres at the dead
trees than at the live trees. In many cases it was found that the soil
beneath tne dead trees was septic at the depth of six inches while that
beneath the live trees was aerobic. The dead trees on the west side of Town
Line Road closest to the landfill didn't have any leaves. The dead trees on
the east side of the road still held their dead leaves indicating thet the
trees farthest from the landfill had died more recently than those nearer
the lendfill.

Soil +emperatures were higher where the higher combustible gas and
carbon dioxide and low oxygen concentrations were found (Table I-27).

A limited number of vertical convection vents had been installed along
the southern end of the landfill, but trace amounts of combustible gas were
founl 130 feet from the iandfill in the adjacent wood lot. The soll around
thi; landfill is wrery sandy. This apparently facilitates the movement of

the gases genereted within the landfill into the adjacent undisturbed land.
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TABLE I-27. FERCENT COMPOSITION* OF SOIL GASES AND SOIL
TePERATURES** AT LIVING AND DEAD TREES

HUNTINGTON LANDFILL, HUNTINGTON, NEW YORK -~
Living Trees Dead Trees

Red Qak Scarlet (Oak Red Oak Scarlet Oak

Sarple Depth 1' 3 1’ 3 1 3 1 3!
0. - 12 - - - 8 - 8

20 - 9 - - - 37 - Lo

2

Combustible Gas ' L - 0 - 50 - 30 -
Temperature °F 64 - 58 - 65 - 78 -

*Average of 1-3 readings
**Single readings

Bethpage Sanitary Landfill. Cyster Bay, New York

This forty ecre landfill is located in a very sandy soil region of Long

Island.

The landfill contains general muricipal refuse, ash, and demolition

debris which has been placed in a former sand and gravel pit that averages

about forty feet deep.
of sixty to eighty feet.
‘ecrcss Winding Road is & bridie trail.

In many areas the refuse is piled to & total depth
Adjacent to the easterly side of the landfill and
It was noted that most of the mature

red and white oaks (L0 to 50 feet in heignt). in the area were dead, but most —

of the understory vegetation was living.

Near the dead oaks, both combustible gas at one foot and carbon dioxide
at three feet were very high (35 to LO%) and oxygen readings at three feet

were low (5 to 10%).
feet fram the landfill.
the dead oaks.

Landfill gases appear to have migrated to about seventy
No live trees were accessible for comparison with

It appears that the demise of the native trees in this area was due to
the pollution of the soll by gases migrating underground from the landfill

across the street.
its shallower oot system.

Dcb - TEMPERATE CONTINENTAL COOL SUMMER CLIMATE

Roussel Park, Haines Road, Nashua, New Hampshire

The understory vegetation may still be living because of

This site had been an open dump which was covered with five feet of

gravel, on top ot which was placed six inches of loam.
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twelve fret thick and consists mostly of municipal type refuse. The cover
material hes been planted with grass which was observed to be providing

adaquate cover. Two baseball parks srd a monurent have been established on
the site, : '

Correlatiocn between the presence of combustible gas and death of
American elm and slippery elm (located adjacent to the refuse) was not very
good. ‘At a depth of three feet, camparable ccncertratiors (0% to L0% of the
soil atmosphere) of ccmbustiible gas ware found under healthy trees and dead
trees. Th2re was also e dead tree neer which no combustible gas was found.
The pcssibility exists that combustible gas, present at an earlier time,
killed the tree, and has subsequently left this tree's root zone. Dutch elm
disease is also very prevalent in this region, although its characteristic
symptams were not noticeable on this dead tree.

In the root zone of one slippery elm there was fcund between fifteen
percent and thirty-five percent combustible ges in the soll atmusphere at
2' and 3' respeclively, There was a small branch on this tree with yellowing
leaves which appeared symptomatic of Dutch elm disease.

Oxygen concentrations at one toot were about noimal (18%) under both
living and dead trees. Under one dead elm a CO, concentration of 2.5% was
recorded at a one-foot depth, The highest combastible gas concentrations
(40%) were recorded at this spot at e three foot depth, but no combustible
gas was noted at a one-foot depth ir this area.

In summary, correlation between the presence of landfill gas in the
soll atmospheres and dead trees was poor at this site.

Guilderland Landrill, Guilderland, New York

This landfill was still operating when this date was collected. The
area of the landfill where the data was collected wa:z completed in 1971.
The landfill ccntains municipal refuse on top of which there is about two
feet of cover material. Thils arece had been ceeded with rye grass but with
DOOY success.

Volunteer species were observed growing on the site, inost notably:
quaking aspens, staghorn sumac, milkweed, and Queen Arne's lace. This
volunteer vegetation, along with the rye grass, was obszerved to be occurring
in isolated clurps with baire and sparsely vegetated arcas between. The
areas where the vegetation wes growing well were compared with the areas
where the vegetation was growing poorly or not at all. Cambustible gas and
CO,, concentrations at a depth of one foot in the soil were considerably
hifher where the vegetation wasn't growing well. Oxygen concentrations at
a one foot depth were very low in the poor grow‘h areas averaging only 2.5%
of the soil atmosphere as compared with 16.L% in the good growth areas
(Table I-28). The data indicates that the ccoposition of the soil atmo-
sphere on this landfill was probably playing a major role in determining
where the vegetation was able to establish itself.
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TABLE I-28, .PERCENT CCMFNSITION* OF SOIL GASES
: AT GOOD AND PJOR GROW™! VEGETATION

GUILDERLAND LANDFILL, GUILDERLAND, WNEW YCRK

Good Growth Poor Grewthn
Semple Depth ' 1 b
. 1
0, 16% . 23
G, 2% 343
Cambustible Gas ' 3 : Lo}

*Average of 4 - 10 readings

City or Auburn North Division Street Sanitary Landfilil, Auburn, Hew 101k

This landfill was operating a* the time this dats was ccllected. The
area on the landfill with which thls report is concerr.ed was completed about
fifteen yeais ago and is estimated to contain about twenty feet of municipal
refuse. The cover appeared to range in lepth from two to three fect. Orass
wes doing very wall cn the site as were many of the trees which had become
established on the site.

-Of particular interest was & row of wililow trees whicn were showing
wicde variations in growth. Therv was a negative correlation between the
neight of the willow trees and the concentrations of cambustible gas in the
soil atmosphere. There were three dilstinct height cctegories witn different
gas concentratiors in their rcot zones. At the two-foot depth, the willows
which were twenty feet high had an average of less than one percent comtus-
tible gas in the soll atwosphere; the ten-foot high trees had an average of
8 5% combustible gas at the two-foot depth; and in the area where the trees
had died and been rcmoved, the soil atmosphere contained an average of 30.5%
combustible gas at a two-foot depth (Table I-29).

The ract that increased combustible gas in the soil etmosphere corre-
lated wilh a decrease in the height of the tree may indicate an adverse
response to the presence of combustitle gas in the soil atmosphere,
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TABLE I-29. - PERCENT COPOSITION* OF SOIL GASES AT
WILLOW TREES SHCUING V. RIOUS GROWTH CHARACTERISTICS

CITY OF AUBURN NORTH DIVISTON STREET SANITARY LANDFILL,
AUBULd; NEW YORK

20' Tall and Healtny: 10" Tall Bead and Removed
Sawpl2 D=pth 1 2' 1 ot 1’ 2’
05 20 - 19 - 18% -
co, 0 - 3 - 3 -
Cambustible Gas - i - 8% - 304

*Average of 2-4 readings

South Eastera Dakland Incinerator Authority, vakland County, Michigan

‘This landfil) was completed in a former sand and grzvel pit in 1505 and
contailns an average of about thirty-five feet of municipal refuse mixed with
incinerator ash. Tnis landfill has had problems with landfill gases migrat-
irg into adjacent property, particularly on the western edge. 1- wac in this
area that this data was collected, in und around a row of lomvarw, poplars
vlanted idjacent to the lardfill. Most of the lambardy poplars were aead
at the “ime that *his data was collected.

A necative correlation between weed and grass growth and combustible
gas present at oae foot was very goud. There wac nc combustible gas present
at one foot where the weeds 21.d gracs were growing well., At spots where
there was no weed or grass growih, combustiole gas averaged twenty-two per-
cent of the soil atmosphere at tne one foot denth. Also in these bare areas
0. averaged nine perc.nt of tke 50il aimo .phere and CO, averaged 4.5% of the
sgil atrmosrhere at tne one oot depth. These are,respgctivelx far below and
above normal scil gas concentrations. When these gas concentrations are
compared with those fuund in the areas where grass and weeds were growing
‘well a sharp contrast ic observed (Table I-30).

All the lcmbardy po>lars which have died and subsequently sprouted were
found to contain considerable amount.s {between 5 and 50% of the soil atmo-
sphere) o7 corbustible gas in the root zone at the two-foot dep:h. At no
time was a dead tree ob.2rved "rith no combustible gas in the -2il atmosphere.
Two mature (70 ft. tall) black oeks were observed tc be in rapid declire
within twenty feet of the land{ill. At no point at a three foot depth near
these trees was less than fifty percent combustible gas found irn the soil
atmosphere. :

A trend was seen here in the pattern of necrosis on the three species
of plants cobserved dying at this site. When combustible gas wess present in
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the soil and necrosis was seen on the foliage, the dicback of the leaves
usually began at the tips of the branches and prcgressed dovm towards the
base of the plant.

TABLE I-30. PERCENT COMPOSITION* OF SOIL GASES AT GOCD
- GROUND COVER AND NO VEGETATION GROWTH AREAS

SCUTHEAST OAKLAND INCINERATOR AUTHORITY LANDFILL,
OALTAND, MICHIGAN

Weeds and Grass Grewing No feed or Grass
Well Growth
Sample Depth 1 1
% 20 9
€0, -0 b3
Cazbusiible Cas 3 22i

*Average of 2-9 readings

Cereal City Landfi1ll #1, Battle Creek, Michigan

This landfill has been operating since 195¢. It contains an average of
about twenty-four feet o municipal refuse covered with about two feet cof
sandy soil where completed. No attempts had been made to vegetate this
cover. This landfill has a history of gas migratirg into adjacent property.
This report concerns a row of red pine trees which had been transplante. to
the northern edge of ‘uc landfill less than ten feet from the refuse in this
former sand and gravel pit. :

There is a negative correlation between the occurrence of landfill
gases and the health of the trees. Where the trees were dead for over two
years, the average percent cambustible gas ccncentrations in the soil atmo-
sphere were 22.7% at the one-foot depth and 49% at the three-foot depth.
The O, concentrations averaged 12% and the CO. averaged 17.5% at a depth of
one fgot. In the area where the trees were lgving but experiencing same
needle necrosis the combustible gas averaged .25% at a one-foot depth and
15% at a three-foot depth. The CO_, and O_ concentrations were, respectively
6.5% and 19.5% at a depth of one fSot (Table I-31).
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TABLE I-3l.- PERCENT COMPOSITION* CF SOIL GASES AT
LIVING AND DEAD RED PINE TREES

CEREAL CITY LANDFILL, BATTLE CREEK, MICHIGAN

‘Living Red Pine¥* Dead Red Pine**
Sample Depth 1 3! 1! 3!
14yl - -
O2 193 12
1 - : 1 -
C02 “ >, . 175

Cambustible Gas

[ o

15 221 Lg

*Average of 1-8 readings
**Weeds and grass growing well near live tree, no grass or weed growth near
dead tree.

Cereel City Tandfill #2, Battle Creek, Michigan

This landfill has been in operation since 1956. It contains an average
of about twenty-four feet of municipal refuse covered with about two feet of
sandy scil. No attempts have been made to vegetate this cover. This land-
£111 has a history of gas migrating onto adjacent property. This report is
corcerned with a row of mixzd hardwocd and conifercus trees located a.ong
the southwest corner of the landfill. Most of these trees, adjacent to this
‘former sand and gravel plt, were observed to he in decline and many were
dead. '

There appears to be an excellent correlation between the presence of
combustible gas in the root zone of the planted trees and death or decline
of thece trees. This was found to be true for white spruce, Douglas fir,
white fir and shagbark hickory. The amount of combustible ges in the root
zones of these irees at the one foot depth varied between 5% and 50% (with
a mean of 25.0%) of the atmosphere. There were two iive white spruce trees
under which the combustible gas concentrations ranged rror 104 to greater
than 504 (with a mean of 29,5%) of the soil atm:sphere at the one-fcot depth.
These trees may not hdave been exposed to the landfill gases &s long as the
trees which had been killed, or they could be resistant or have shallow
roots. ’ :

A very putrid-smelling, hard soil layer, three irnches thick, was |
present in the virgin soil wheve high combustible gas concentrations were
found., The top ¢f this layer was found five inches below the surface, an
it was not present where combustitle gas was not found.

Kalamazoo County Landfill, K1 Avenue, Oshtemo Township, Michigan

This landfill has been operatirg since 1965. It contains municipal
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ard light industrial refuse ranging in depth from eighteen to forty feet.
The final cover was generaily two feet thick, tut noticeably thianer in some
areas. , The completed lendfill was planted with clover and fescue with
reasonable scuccess. An area which had recently been planted with Kentucky
31 Fescue was doiug very poorly; the cover material in thir area was very
thin and dry.

In one area of the landfill a quaking aspen, which was showing no sigas
of stress, had an average of 8.4% combus’ible gas in the soil atmosphere at
a one foot depth, O2 canmrisea 18.5% and 002 3.5% of the soil atmosphere at
2 one foot depth. ‘

Do - TEMFERATE OCEANIC CLIMATE

East Campus, University of Washington, Seattle, W.shington

From 1926 to 1955 parts of this 150 acre peat bog area served as ar
open-burning dump for ths 2ity of Seattle. In 195€¢ "modern" sanitary lard-
£ill methorls were started. The rate of filling the marshlard accelerated
from the late 50's until 1966 when filling ceased. However, a series of
surface covar filling, grading ard seeding operations alcered the landscape,
urtil 1971, when all but minimal maintenance activities ceasec. Today the
central part of this area supports a grassy prairie-like cover bordered by
peat islands, cattails and occasional trees along the shoieline.

Settlement over the area has been extensive. It is reported that por-
tions of the site dropped six feet between 1971 and 1975. Part of this
setilement is believed to be due to the decamposition and corpression of the
underlying former peat bogs. '

Gas checks over the grasslands area revealed no combustitle gas o a ~
depth of three feet in an area where the grass and weed ground cover was
growing very well. In an area within foriy-five feet of the good growth
area, where no grass or other ground cover was growing, combustible gases
were found at high concentrations (>15%) at the one, two aud three-fcot
1epths. The soils in the no-growth area below the four inch depth were dark
a:d emitted a septic odor. The soils in the good grcwth area were not septic.
Ther emitted the normal pieasant soil odor. The areas in the grasslaads
whici. did not contain any vegetation also exhibited numerous cracks in the
surfac:,, In many cases it was noted that the unpleasant odors of the. gases
of anaerotic decomposition were being emitted from these cracks. It was
reported ‘hat children have frequently set fire tu these gases.

In ranaom checks of the soil atmospheres in the root zones of various
trees growing ~ver the refuse filled area outside the grasslands section,
canbustible gaucs were not-generally found in the atmosphere of soil less
than two feet deco.

In the vicinity of the golf driving range, where a number of trees
were checskel, combust:ble gases were found in a number of cases at the two-
foot depth and below. These cambustible gases were present although the
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last refusz filling was reported to have been completed in this area prior to
1950. The trees in general appeered to be growing fairly well in this area.

; In general, there was an excellent correlation in the "gresslands area"
Letween poor and no vegetation ground cover and the presence =f rambastible’ ]
gaces within one [oot of the surface. Where the combustible gases were i
belcw the two-foot depth the ground cover was doing very well.

Genesee Stree*t Landfill Park Developscent, Séattlelgyashington

S A e pea e

This former landfill covers approximately sixty acres., Fillirg began ir
1947 and was completed about 1968, The area north of Genesee Street was com-
pleted in 1963. That south of Genesec Street was -completed in 1968. General
landfill refuse was deposited in =he fill along with a large amount oi' demo-
lition debivis and ash from the oren burred refuse. The refuse varies in
thickness {ran a few feet to about thirty feet., The cover material depth
ranges from about two to about six feet. The matzrial used for final cover
was mostly giacial till. Substantial settlement hes been reported during
the last few yeers, along with some nourd.ng of ground water in part of the
£i11.

L e r—— e

Ve em e A

; Over the former refuse fill area there s a general growth of grasses
! and weeds. Jrasses appear to daminate. The area is mowed about twice each
) year. The north end of the field area is occasionally used ‘as a parking
ared. Most of the rest of th=2 fill area is unused in any developed or
planned manner. There are some peat deposits and soft clays beneath part
' of the fill area. It is believed that these peat deposits may be compacting
" due to the subcharging by the refuse and cover material.

Scattered barren spots were noted over the surface of the ground at
various locations. These barren ar=as frequently contained many surface
cracks, and occasionally the odors of the gases of anaerobic decomposition
oy organic matter in the landfill were detected. The s6ils from these
LI barren combustible gas-laden areas were found to be soft, wet, dark-colored,
‘ and emitting septic odors. The soils where good grass and tree growth were
taking place did not ccrtain combustible gas, was dry and hard, and did not
emit septic odors. :

y——

An oval area approximately 20'/9', had no vegetation growing on it. It
was found to have a very high combustible gas concentration (>15%) at one
foot. Soil from the six inch to eight inch depth was dark colored, had a
putrid odor, and was anaercobic. The so0il lé% feet away in en area of good
growing vegetation ground cover showed no combustible gases at the one and
two-foot depths. Soil samples taken to an eleven inch depth were light-
colored, friable, and exhibited no anaerobic odor.

gy .

‘ No cambustible gas was found at the three-foot depth under a big-leaf

: marl:z tree growing near the sidewalk along the ncrth side of Genesee Street..
J At about sixty feet to th: north a barrea area, around 12'/27', was checked
f for combustitle gas. Tt was found to contain high concentraticns of com-

E bustible gas in the soil atmosphere.
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Overall, an excellent correlation was ifound between the preseace of
combustible gases in the soll and tne lack >f surface vegetation. No com-
bustible gases were found in the rout zone of viable vegetation.

Nt
Day Island Landfill, Eugene, Oregon '
This sixty-ac- l1andfill is located in a former sand and gravel pit on
the northeas* side of the Willamette River. Between 1963 and 1974 the area
E 1 was filled to depths ranging from tweive Lo thirty feet with general munic-
- ipal refuse and construction rubble.
Currently a good geileral grass and weed growth covers most of the land-
fill. Some of the grasses were tiree to four feet high. iicirever, there
: were numerous small areas where no ground cover existed. The no- grcw*h
;' ~ station was found to have high concentrations of combustible gas at tvuc one-
foot depth, wnd the soil was septic at the three-inch depth. At a nearby
good growth station there was no cambustible gas to sixteen inches and the
soil was eerobic (Table I-32).

The soil atmospheres of trees planted for landscaping purposes was
checked, and combustible gas was found in the root zone of a dead tree, but
it was not present in the roct zones of two living trees. The soil was also

septic in the root zone of the dead tree, but aerobi¢ in the root zones of
the live .trees.

An area of dead and dying trees east of the landfill was surveyed.
Here hith concentrations of caombustible gas were founi in tlie’ scil atmo-
spheres within seventy feet of the landfill where the trees were dead or
dying. One-hundred and twenty feet from the landfill, the fifty-to sixty-

: foot tall trees were growing very well, and no combustible gas was present
; ir the scil atmospheres.

¢ .

As can be seen frcm Table I-32, there is en excellent correlation be-

tween the presence of landtill gases in the vegetation root zone and poor or
no vegetation growth. '

Soil temperatures were measured on and off the landfill and in gas and
no-gas areas. The results are plotted in Figure I-2. In genersal, the
temperature decreased with increasing depth. The highest temperatures were
} foind where combustible gases were present on and off the landfill. The
lowest temperatures were found off the landfill in the area where no combus-
tible gases were present.

112




\ '
By, | A T s o (e A — L T, AT PP NV Fpar Y fga—"-v,‘g .. mw—-nm
) s =

——

TABLE I-32. PERCENT COMBUSTIBLE GAS IN SOIL ATMOSPHERES
AT LIVING, DYING, AND DEAD VEGETATION
DAY 1ISLANT LANDFILL, EUGENE, OREGON
Apprcrimate 4
Combustible Gas
Zample Description of Concentration At Soil
Locaution Vegetation Various Deptls Conlition
Aqjacent Ld-Fl Healthy trees and grass. O at 1' and 3 -
On 1d-F1 Grass and weed cover growing 0 at 1' and 15" Very hard below 16"
very well,

o On Li-Fl A living but not thriving O at 1' and 2'; Topscils light gray-
2,3 black oak planted two >15 at 3' brown, pleasant odor)
0 - years previous. barely moist.

42
ol @ )
= On L4-Fl A living but not thriving 0O at 1" and 2° Hard goound below 2

= > broadleef maple planted
A E RN two_years previous. - I A |
Adjecent Ld-Fl Grass and weeds doing poorly >15 at 3 -
Many large dead trees.
Adjacent Ld-F1 Good grass cover. Dead white O at 1", -
ash & broadleaf maple trees. 5-15 at 3°
5'0 Adjacent Ld-F1 Scattered live brush & grass 5-15 at 1' -
A Quite a bit of barren soil; >15 at 3
2% Scattered dead & dying trees.

ped
g ) On 14-F1 Barren, no vegetation. 5-15 at 1' and Septic ovdor, dark
3L . Barren, no vege.ation. 16" colored & cup: very
A hard below 16"

On L4-F1 Dead -red oak that was planted 5-15 at 1'; Septic odor, black
twe years previous. >15 at 30" and wet

B
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Figure I-2. Soil temperatures, Day Islsnd Landfill, June 24, 1976
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Jotn Fowler's Faim, West Salem, Oregon

Approximately i1wo acres of John Fowler's wheat field is located over
about twerty feet of demolition waste that was deposited in 1968-69. This
is a small cection of a much larger wheat field. The wieat growing over the
former. landfill appeared to be almost:-as healthy as that growing in the
virgln soll, non-refuse area. Cambustible gas was found at less than half
the tect stations and then only at very low concentrations. However, there
were some areas where surface settlement had been so extensive that the
area could not be cultivated until it was refilled and replanted. Farmer
Fowler also reported that he experiences difficulty in maintaining an
adequate water supply in the soil over this rerfuse area because the shallow
soll ccver tends to dry out quickly between weterings.

Table I-33 sumnarizes the data obtained frcm the test stations. The
scll was very hard at many of the test stations iocated over the former
demnlition landfill.

TABLE I-33. PERCENT COMBUSTIBLE GAS Il SOIL
ATMOSPHERES IN WHEAT F_.ELD

JOHN FOWLER'S FARM, WEST SALEM, OREGON

" Sample Vegetation Combustible Gas Soil
Location - © Quality Readings Conditior
On L4-F1 13-15" tall wheat 0 at 3’ Hard to very hard
Cn Ld-F1 10-21" tall wheat* Minor at 21" Damp and dark browr
extremely hard
below
On 1d4-Fl 13-31" tall wheat 0 at 3' . Soft
On Ld-Fl1 14-20" tall wheat 0 at 3" Rocklike at 8 inch
devth
On Ld-Fl 11-23" +all wheat 0 at 1° Hard object at 1°'
(n L4-F1 Séattered weeds ‘race at 2' Soft to 33"
(In Settled Area) (in settled area)
Adjacent Ld-Fl 12-27" tall wheat 0 at 3! Varying frouw hard
to soft

NOTE: Many small green aphid-like insects
and man; pntato bectles were visiktle
on the wheat. )
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Joeamont Park, ideho Falls, Tdaho

This 15-17 acie site wis a dump where cpen burning was practiced for
forty years prior to it being converted into a sanitary lancfill in 1970.
Landfilling with municipal recfuse was praciiced from 1970 through 1972. The
unburned refuse ranged in depth from O to 15 feet. After the landfilling
ceased the process of converting the site into a park began and was still
proceeding at the time that this data was collected. Due to verlebility in
the composition of the refuse, a good deal of variability in the stability
of the soil and landfill gas concentrations would be expected over the site,

In general, the grass was growlng well throughout the park. However,
rany trees seemed to be having growth problems. Many drad and dying spec-
imens were observed. Some of the deaths were apparently due to noor niar.-
ting practices; in one case the root ball of a ten-foot high cypress tree
was only half buried.

Data was collected, comparing trees vhich appeared to be dead or se-
verely stressed with trees of similar size that were not exhititing any
strezs symptoms (Table [-3L), Trees that didn't exhiLit any evidence that
they hed been subjected to poor planting practices were chosen for compar-
ison. The dying and dread trees included: a nine-fqot aigh blue spruce
experiencing abcut ninety percent needle loss, a fifteen-foot high dead
tasswood tree and e filfteen-fuot high dead white spruce. These dead and
dying trecs were compared with trees of the same species that appeared
nealthy. None of these trees were recent transplants to the park.

The data collected doesn't indicate tuat there is any direct relation-
ship between the d=mise of the trees and the occurrence of landfill gas
pollution in the soil of this park.
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TABLE i-34. PERCENT CQMPCSITIMN* OF SOIL GASES
: AT GOOD AND POOR GROWTH TREES

~ FREMONT PARK, IDAAO FALLS, IDAHO

Gond Tree Girowth Poor Tree Growth
. White Blue White Blue
Basswood  Spruce  Spruce  Basswnod  Spruce Spruce
Sample Depth 1! 1 1 1 1 1
0, | 18% - 8 75 10 13
co, 2 - 8 35 10 3
Cambustible Gas 0 0 0 3 0 0

*Average of 1-3 readings

Red Baron Alfalfa Field, Idaho Falls, Idaho

This landfill was campleted in 1970 with ten to filfteen feet of munic-
ipel refuse. Alfalfa and rye grass were planted in 1975, but neither grew
very well on the landfill. Settlement was observed to be severe over most
of the site making cultivation difficult. The person responsible for farm-
ing the azrea felt that settlement was not the only problem. He noted that
the «ifalfe didn't grow well over the refuse.

The cntire area being farmed was not on refuse. It was observed that
the alfalia planted off of the landfill was growing very well, reaching two
to three feet in height. The alfalfa growing cver the refuse was difficult
to find., '“hat was growing was mostly less than one foot in height, Weeds
and grass were also growing better in the area off tThe refuse.

Camarisons were madc of the soil atmospheres in the area over the
refuse and that adjacent to the refuse (Tsble I-35). The soll appeared to
be of bpetter quality on the virgin land. The cover on the landfill also
appeared to be a li%tle shallow, only about a foot in some areas. Combus-
tible gas and CO. concentrations were veiy high beneath the pocr 21falfa
growth and zero geneath good growth.

This site exemplifies the problems that can occur vhen trying to grow
vegetation on a completed sanitary landfill. These problems incluae:
settlement, poor soil conditions, difficiity in mailntaining a satisfactory
water valance, and pollution from landfill gases. It appears thet a com-
bination of these frctors is probably responsible for the vegetation growth
problems encountered on this former landfill.
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TABLE I-35. PLRCENT CCMEOSITION* OF SOIL GASES
AT GOOD AND POOR GROWTH ALFALFA

RET BARON ALFALFA FIELD, IDAHO FALLS, IDAO

Good Allalfa Growth Poor Alf=1fi Growth
(Adjacent to lendfili) (tn lancfill)
Sample Leptl. 3! 2!
o, | 195 51
co, o . 344
Combustible Gas 0 >50

*Average of 2-3 readings

Idaho Falls Child Development Tenter, Idaho Fills, Idaho

The Child Development Center is 2 special school for handicapped
childre:. The school was constricted or . former sanitary landfill in 1971.
The landfill operated from 1961 to 1964 epositing an average of about eight
feet of municipal reiuse. Settlement hrd damaged the building to the extent
that a new roof had to be put on the siricture.

Froblems wer: reported with som: of the trees -hat were planted when
the site was landtcaped in 1971-1G72. Two blue spruces were said to be
having probleins growing. Since planting, the trees have grown very pooriy
exnibiting only sparse growth during most of the years.

An on-site inspection revealed that the most probable reason for the
poor growth was a cement tactcry located across the street from the center.
The needles werc covered with cement dust to the extent that shaking the
Jranches causea a cloud of dust to rise. Jombustible gas readings near both
‘tor 25 were very low, rangirg fram zero to five percent at the three foot
depth. Oxygen and carbon dioxide readings at the same depth were about
normal, oxygen being arovnd twenty percent and carbon dioxide 0.5 percent
or less.
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APPFINLIX J
. TZilr SURVEY DATA-MINERAU CONSTITUENTS AND SOII CHAR: CTeRISTICS

TA2LT J-1. FTEGIOK Ar - TRCPICAL, WwwT

§ Soil Constituart Top Soil

' No Gas cas

i lb/acre

|

: Magr.esium - 782 800
Phosphorus 6 L

? Potassium 134 - 130

; Calcium 12,125 9,750

: Ammonia-nitrogen 8 15

( Nitrate-nitrogen 119 108

? ' Organic matter 3.9 2.0
Moisture - -

bpm
Iron Tr. Tr.
Manganese 6.25 8.75
Copper 0.90 0.65
Zinc 0.70 1.75
Eoron 0.31 0.3k
Iron/Manganese - -
Cenductivity 3.7 L. 2
pH 7.7 7.8
percent

Sand €5.0 55.0

' Silt 22.0 28.0
Clay 13.0 17.0




So.l Constituent

1lb/acre

Magr-esium
Phosphorus
Potassium
Calcium
Armonia-nitrogen
Nitrate-nitrogen
Moistwe

Orgcnic Matter.

9

Iron

Manganese
Copper

Zinc

Boron
Iron/Manganese
Conductivity
pH

percent

Sand

Tt LLE J-2. REGION BS - STEPPE

Top Soil
No Gas Gas
500 800
2 3
Loo 400
7,200 7.800
2.k 1.
20.0 17.
9.5 -10.
2.4 -
2.0 -
0.32 -
0.60 -
1.95 2.
1.2 -
< G.10 < 0.
8.5 8.
Lo Ly

OVOC




TABLE J-3. REGICN BWw - ARID, DESEZRT

Soil Constituent Top Soil Sub Soil
No Gas Gas No Gas . Gas
lb{acre
Magnesium 800 800 800 800
Phcsphorus 106 176 152 207
Potassium 282 297 328 253
Calcium 1,662 1,700 1,683 1,850
Ammonia-nitrogen 11.8 69.3 17.3 17.0
Nitrate-nitrogen 2.8 12.3 3.7 2.0
Moisture - - - -
Organir Matter 1.6 2.1 1.3 1.5
per_
Iron 0.63 0.50 0.81 3.00
Manganese 8.3 12.7 -33.7 37.0
Copoer 0.25 0.42 0.38 0.25
Zine 0.71 0.70 . 0.91 5.00
Boron 0.3k 0.55 0.86 0.30
Iron/Manganese 0.08 0.39 0.02 0.09
Cenductivity 0.3L 0.99 0.79 0. L4
R 8.2 8.0 8.1 8.2
percent
fand 59.8 £6.0 61.0 €8.0
311t 27.8 21.7 - 26.7 22.0
Clay 12.4 12.3 12.3 10.0

121

O N -1 e . - i, 2P b s tmasnlt -




R
- .
4 TABLE J-k. FEGION Cf - SUSTHKOPICAL, HUMID
b
; _ , Soil Constituent ' Top Soil Sub Soil
1 No Gas Gas No Gas Ga
' 1b/acre
Magnesium 164 1Lg 224 143
Phospnorus 63 €0 9 9
Potassium _ 113 82 kg 72
] Calcium ‘ 827 1,248 L1l 310
y Ammonia-nitrogen 8.5 4.5 3.9 10.0
3 Nitrate-nitrogen 13.7 11.3 3.6 10.0
Moisture 9.3 8.6 5.9 8.5
Organic Matter 1.9 2.1 0.8 1.2
ppm
Iron 55.2 70.8 2L.5 102. 4
i Manganese - 19.5 23.2 11.4 25.5
4 Copper 0.68 1.16 0.76 1.00
Zinc 2.8 14.3 1.9 7.5
Boron 0.27 0.26 0.22 0.24
1 Iron/Manganese 2.83 3.05 2.15 4.02
x Cenductivity (Mols) 0.11 C. 13 c.10 0.10 N
3 pH 5.6 £.0 5.8 5.8
F
E» percent
) Sand _ 66.7 76.3 66.7 66.7
Silt 18.3 12.6 13.3 4.7
Clay 15.0 11.0° 20.0 18.7
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TABLE J-5.

Soll Constituent

lb/acre

Magnesii »
Fhosphor...
Potassium
Calcium

Ammonia-nitrogen
Nitrate-nitrogen

Moisture
Organic Matter

Ppu

Iron
Manganese
Copper
Zinc

" Boron

Iron/Mangenese
Conductivity
pH

percent

Sand
Silt
Clay

REGION Cs - SUB1ROPICAL, DRY SUMMERS

No Gas

2,308
1,07k
103
3,275
L

27.

(SR
~N~ o

2

0O O Nt Ww N
nNO O
N \O

w o
= @

*Significant difference at P = 0.0)
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TABLE T-6.

Soil constituent

1b/acre

Magnesium
Phosphorus .
Potassium
Calcium
Ammonia-nitrogen
Nitrate-nitrogen
Moisture

Organic Matter

Ppo

Iron

Manganese
Copper

Zinc

Boron
Iron/Manganese

Conductivity (mohs)

pH

percent

Sand
Silt
Clay

Top Soil

No Gas Gas

125 186

15C 141

80 104

Ls) 6Ls
4.0 37.1
0.6 23.0
6.3 9.7
1.0 1.7
58.2 104.3
17.5 34.3
3.5 4.3
5.5 6.3
0.36 0.23
3.32 3.0L
0.10 0.18
5.7 6.0
84.7 76.2
8.4 15.7
7.0 3.1
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- TABLE J-T. REGICN Dcb - TEMPERATE, COMNTINENTAL, COOL SUMMERS

,‘ Soil “onstituent , Top Soil
é No Gas Gac
1 ' 1lb/acre .
E ; Magnesiun _ 209 196
Phospherus C1ko 121
: Potassium 1.2 150
! Calcium 1,96 2,349
: Amronia-nitrogen 10.5 ' 33.8 *%
F l Nitrate-nitorgen L61.0 471.3
- Molsture 1L4.8 15.8
4 .- Organic Matter 3.4 . 2.2
i ppa:
¢ Iron o.k . 62.4
Menganese 4.8 10.8
Copper 0.15 0.h45
Zinc 0.80 7.0C
Boron o - 0.7
\_,E Iron/Manganese .08 5.8
K Conductivity (mohs) '
5 pH ‘ 5.7 5.9
?t ' percent .
Sand ' 78.3 81.1
4 Siit 13.1 11.3
Clay 8.6 7.8

** Significant difference at P = 0.01
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TABLE J-8.

Soil Constituent

:
t
)
,.

lb/acre

Magnesium

rhosphorus
Fotassium
Calciunm
Ammonia-nitrogen
Nitrate-nitrogen
Moisture

Organic Matter

bpm

Iron

Manganese

Copper

Zinc

Boron.
Iron/Manganese
Conductivity (mohs)
pH

percent
Sand
Silt
Clay

No Gas

800
206
181
2,760

N
pwr
0 =0

52.3

REGION Do - TEMPERLTE OCEANIC
Top Soil
No Gas Gas

800 800

166 189

154 11k

2,676 2,573

2.1 22.7 *
23.8 22.0
8.2 11.L »
2.2 2.1

116.7 162.¢9
60.0 75.5
L7 6.5 *
10.k 17.0 *
0.5k 0.57
1.65 2.16
0.12 0.26 *
6.4 6.9
56.6 L. 8
30 24,8
16 14.8

= 0.05

- *Significant differences at P

126

Sub Soil

Gas

136

175

2,213
71.
S2.
11,

n
=3\ Oh

247.
101.

O.CNO OO
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Soil Constituent

TABLE J-9.

lb(acré

Magnesium
Phosplorus
Potassiwe
Calcium
Ammonia-nitrogen
Nitrate-nitrogen
Moi sture

Organic Matter

ppm

Iron

Manganese
Copper

Zinc

Soron
l.;on/Manganese |
Conductivity
pH

Rercent

Sand
Silt
Clay

Top Soil
No ‘Gas Gas
Tha 753
5
166 181
8,789 7,608
1.9 o}
k.2 17
17.1 16
1.5 2
2.4 2.
3.6 13.
0.28 0
0.85 I
6.48 6
0.67 0
0.10 o}
8.3 8.
54 60.
30 24,
16 1L,

=NV N0

.20
.0C
.70
.21
.20

oo o o

REGION H - HIGHLANDS

No Gas

690
10

75

9 ’ leh

10.

OO O

COOOOO MmN

.30
.93
.29
.29

Sub Soil

8,

Gas

77k
20k
192
k2o

L8.
22.

81

ihL

OO

POOFKHOMMN

.60
J1h
.17
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MEAN PERCENT (%) CHANGE IN CONTENT OF CONSTITUENTS OF SOILS

FROM 9 CLIMATIC REGIONS AS SOIL PROCEEDED FROM NO-GAS TO HIGH GAS CONCEN™™*y “ONS

TABLE J-10.

Dcb Do H
M.A

Dca

Cs

f

Ar

Soil

Mean of 9

Mts.

Utah

Regions

N.W.

N.E.

Cal.

_b

P.R. Des.

Constituent

65989
.h.61¢75

o~

+4+ 4+ 1+

/DSOnu.Q/
14 7933

™M

—~ QN

+ 4+ 0+
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— o
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+
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NN~

o+

00339
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N eReXiole

cgoawn
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+ 87.5

15.6

+

6.8

7.5 + L9.,0 +54.0 =+

~IO370100/0

27:8 58(.. Nt~

/%/7..h. llu.w/.o

) ~
R

400000V OT
© o MDD QN
Vg wS

PR A

NG QO NV O

AN Mt O =
NN N0 A

075

U :./_nu QJ
RENEE 59

+1

IR 2

20961)».02

SRR

+ 4+ s
Husao >~o0m
0 G\ B 10 T
ARANT N

+ 4+ L F o+t

NN NG =0 AN

opamnmnmnmawquomnh
N -
Iu.
+ A F O+ o+
MO O OTW NN T

+
~ O o
Ny N O
N

' + +i
~O O O~ 53
nOO 709.Bl

—~

t+4 + 1+ + + +

Fe/Mn
PH

I K I RO

N0
oA

/035

o e
~ o~

+ ¢

Q@ uwn

NB O
i

~
'+ +

673
32..9

+ 11

O O\~
O\ N
lmm b=
1+t

= O
nmaoa M

+ v

|u.17

1416
~N T

+ 1

1498

oo
=

+ 1

o ;O
Qwnm
—~ o
+ 11

\438

v

"+

Sand
Silt
Clay

*See page 129 for abbreviation key.
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g  TABLE J<10. (corntinued) ]
LIST OF ABBREVIATIONS* N’
Mg ~~- Magnesium
P ~- Phesphorus
K -- FPotassium
Ca --. Calcium
NH3-N -- famonia-nitrogen
‘_ N03-N - -- Nitrats-ritrogen
g H20 =-- Moisture
; 0. M, -~ Organic Matter
l Fe . -- Ircn
:i Mn -=- Manganese
! Cu -~ Copper
' Zn -- Zine
; B -~ Boron
i Fe/Mn -- Iron/Manganese »
, C. | -- Conductivity

129
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CONTROLLED
BURNING
PROGRAM

Taking Care of Nature

Although fire can be threatening and destructive, it is
an invaluable natural resource management tool that
helps restore and maintain ecosystems.

Since 1975, the Forest Preserve District of DuPage
County has used controlled burning to help restore
native ecosystems and help clear way weedy, non-
native vegetation.

The District manages more than 23,000 acres of open
space at more than 50 different preserves. Picnic and
camping areas, trails and parking lots make up only 10
percent of the District’s land holdings. The remaining
90 percent 1s to remain in a natural state. To help
restore and preserve the biological integrity of this
land, the District uses fire as a key management tool
on as much as 2,000 acres each year.

Natural History of Fire

Prior to 1830, when northern Illinois was tall grass
prairie and savanna, fire was as much a part of the
landscape as the naturally occurring forces of

http://www.dupageforest.com/CONSERVATION/burning.html
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droughts, floods, blizzards, insect infestations and
disease outbreaks.

Our native plants and animals are adapted to life with
periodic burning. The main growing part of most
prairie plants is in the roots. Some plants have roots
up to 14 feet deep. Therefore, roots of native plants
are not damaged by fire.

In pre-settlement times, fire occurred naturally, but
was also started intentionally by man. Deliberately set
fires were an important tool of native Americans who
used fires to control flies and mosquitoes, to reduce
ground cover for ease of travel and for hunting.

Today’s man-made controlled fires simply continue a
process that nature had started thousands of years ago
on the Illinois prairie.

Why We’re Burning

Fire is often perceived as a destructive and deadly
force that scares people, but the Forest Preserve
District views fire as a natural and necessary
component of native ecosystems. While fire can be
destructive under some circumstances, it enhances
ecosystems when used properly.

When DuPage County was prairie, wetland and
scattered open forests, naturally occurring wildfires
frequently swept through this landscape and kept our
prairies and woodlands open. Today, the District
maintains this open landscape and controls non-native
and invasive plant growth with controlled burns. The
fires maintain these areas by killing or stunting
invading woody and brushy vegetation, and recycles
nutrients back into the soil while promoting the
growth of native fire-tolerant plant species.

Because of the speed of the flames and the insulating
properties of the soil, animals can avoid the fire.
Directly behind the fire line, the ground is barely
warm to the touch; and except for the charred plant
remains, life goes on after the burn.

Fire benefits native plant growth by burning off dead
accumulated plant material. Accumulation of this
"litter" can lower the soi] temperature and retard seed
germination and plant growth. The material also tends

http://www.dupageforest.com/CONSERVATION/burning.htm] 10/8/99
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to absorb rainfall, preventing it from reaching plant
roots. By reintroducing fire into the landscape, we are

~ able to restore some of the functional qualities of a
true natural ecosystem.

- Our plants and animals have lived harmoniously with
fire over the centuries. Today, many native
wildflowers are decreasing and non-native, invasive
plants flourish as the county has become more
populated. With the help of controlled burns as well as
other natural resource management techniques, many
native plant species are beginning to make a
comeback.

Safety First

Any fire can be dangerous if not kept under control.
Prior to a controlled burn, variables affecting fires are
studied carefully. Wind conditions, humidity,
temperature and the amount of moisture in plant
material are all monitored by District ecologists and
fire control crews who are trained to meet National
Wildfire Coordinating and Group standards.

All fires are conducted with permits from the Illinois
Environmental Protection Agency and local fire
departments. The DuPage County Health Department,
local police, DuPage County Sheriff, local and
adjacent fire departments are all in close
communication during the burning process. In
addition, letters are sent to residents adjacent to
designated burn sites. Replies to these letters assist the
District in addressing health or other special concerns.

To Learn More

Visitors can get a closer look at the effects of fire on
the natural environment by joining one of the
District’s naturalist-guided tours of a controlled burn
in the spring or fall. A District representative can also
visit groups and homeowner associations to further
explain the reasons and benefits of the District’s burn
program. Watch for announcements of these
fascinating programs in your local newspaper or in the
District’s quarterly publication, The DuPage
Conservationist. If you have any questions or would
like to schedule a speaker about controlled burns,
please email or contact the Public Affairs Office at
(630) 871-6406.

http://www.dupageforest.com/CONSERVATION/burning.htm] 10/8/99
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The Adaptability of 19 Woody Species in
Vegetating a Former Sanitary Landfill

EpwarbD F. GiLMAN
IDA A. LEONE
FrankLIN B. FLOWER

ABSTRACT. Ten replicates of 19 woody species were planted on a 10-year-old, completed san-
itary landfill. An area of nearby old forest land served as a control. During the first 2 years after
planting, blackgum (Nvssa sylvarica Marsh.), gingko (Gingko biloba L.), and Japanesc black
pine (Pinus thunbergii L.) wolerated the landfill conditions betier than others. Soil oxygen, carbon
dioxide, moisture content, bulk density, and temperawre affected the survival of vegelation on

the Jandfill. FOResT Sci. 27:13-18.

ADDITIONAL KEY WORDS. Nyssa sxivarica, blackgum, revegetation,

THE PRESSURES OF POPULATION EXPANSION and urbanization have prompted a
reappraisal of anticipated uses for completed refuse landfill sites. In rural areas,
intensifying land use has resulted in attempts to use completed landfills for parks,
reforestation, and growing commercial crops. Numerous farmers, landscapers,
and foresters have encountered mixed success in trying to establish agricultural
crops, trees, and shrubs on landfills throughout the country (Flower and others
-1978).

" Various investigators have experienced difficulties in growing vegetation at
completed sanitary landfill sites. Stunting of corn (Zea mays Sturtev.) and sweel
potatoes (Ipomoea batata L.) became evident in areas adjacent to a New Jersey
site where gases had migrated away from the landfill into the root zone of corn
and sweet potato plants (Leone and others 1977). Death and poor growth of
loblolly (Pinus taeda L.) and other pines planted on such sites in southern Ala-
bama have also been attributed to the presence of fermentation gases in the soil
environment (Flower and others 1978). Poor tree growth in these areas has also
been associated with lack of soil moisture and increasing amounts of ammonia
nitrogen, iron, manganese, zinc, and copper (Flower and others 1978).

The objectives of this investigation were to determine which species, if any,
can maintain themselves in a landfll environment and to identify those factors
which are most important in maintaining adequate growth of American basswood
(Tilia americana L.; a reportedly sensitive species).

MATERIALS AND METHODS

Site Preparation.—The screening experiment was conducted on the Edgeboro
Landfill, located on a marsh adjacent to the Raritan River in South River, New

The authors are, respectively, Post-Doctoral Fellow and Professor, Department of Plant Pathology.
and Cooperative Extension Specialist, New Jersey Agricultural Experiment Station, Rutgers Uni-
versity, New Brunswick, NJ 08903, This work was supported by the U.S. E.P.A. Solid and Hazardous
Wastes Division, Cincinnati, Ohio, Gram #R803762. Manuscript received 3| July 1979 and in revised
form 4 August 1980.
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TABLE . Sum of Student’s "'t” (Xt) for nineteen species growing on the landfill
and control plots in Edgebor, New Jersey.

Growth on landfill as
percent of control

Stem Leaf
area bio-
Rank Species Shoot increase mass 21"
.......... Percent.......__.
1 Blackgum Nyssa sylvatica 8! 118 75 2.66
2 Norway spruce Picea abies 106 104 92 in
3 Ginkgo Ginkgo biloba 100 59 97 4.95
4 Japanese black pine Pinus thunbergii 73 9% 75 6.59
5 Bayberry Myrica pennsylvanica 84 70 115 6.62
6 Hybrid poplar Populus spp. 69 27 n 8.13
(rooted cuttings)
7 White pine Pinus strobus 72 77 74 8.94
8 Pin cak Quercus palustris 58 66 80 8.96*
9 Japanese yew Taxus cuspitata 78 130 51 898
10 American basswood Tilia americana 53 67 120 9.48*
11 American sycamore Platanus occidenialis 103 63 68 10.66
12 Red maple Acer rubrum 33 56 37 10.95*
13 Sweetgum Liquidambar styraciflua 48 43 49 12.62*
14 Winged euvonymus Euonymus alatus 29 65 17 14.25*
15 Green ash Fraxinus pennsylvanica 37 42 41 14.87¢
16 Honeylocust Gleditsia triacanthus 7 26 12 15.05*
17 Hybnd poplar Populus spp. 15 0.2 12 20.33¢
(seedlings)
18 Weeping willow Salix babylonica 13 Q.1 3 21.20°
Rhododendron Rhododendron ‘Roseutn
Elegans' All plants died

* Growth on the control was significantly greater (P < 0.05) than landfl} plot for all three growth
parameters.

Jersey. The deposited refuse was reported by the owner to be approximately 9
m deep. The general municipal refuse filling was completed at this location early
in 1966. Laler that year, 15-25 cm of soil were reportedly placed over the refuse
as a final cover.

The experimental plot measured 22 m X 33 m (726 m?) and the control plot,
located approximately a quarter of a mile away on a formerly undisturbed wood-
land was 14 m x 33 m (462 m?) in area. Thirty cm of sandy subsoil were spread
over both the experimental and control areas followed by 15-25 cm of topsoil.
Because there were 5-6 cm of original soil cover over the refuse prior to con-
struction, this brought the total cover on the landfill to approximately 60 cm.

Selection of Species.—Nineteen woody species (Table 1) were selected for
screening on the basis of their tolerance to low oxygen environments, ubiquity,
seasalt tolerance, city tolerance, aesthetic landscaping purposes, or susceptibility
to landfill gases.

Experimental Design.—Trees were planted in a nested design with two plots
(landfill and control), five areas nested within each plot and two trees of each of
the 19 species nested within each area. Thus, 10 replicates of each species were
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planted on both plots. The data were subjected to analysis of variance (Zar 1974)
and principal components analysis (Harman 1967).

Soil Parameters.—In order to characterize the landfill cover-soil gaseous envi-
ronment, gas samples were collected at the 30 cm depth from 42 buried samplers
on the landfill and from six samplers on the control plot approximately every 2 2
weeks, beginning in March and ending in August 1977. Gas samples  were col-
lected with gas-tight syringes and analyzed for oxygen, carbon dioxide, nitrogen,
and methane in a Carle Instrument Model 8500 gas chromatograph. Soil temper-
atures at the 30 cm depth were recorded at the same sampling points and on the
same dates as were the gas measurements.

Beginning in mid-March 1977, soil moisture measurements (percent dry weight)
were made at 2-week intervals on six samples from the landfill and four from the
control screening area. Soil bulk density (g/cc) in the top 15 ¢m was measured at
six areas in each plot.

Tree Parameters.—In the fall of 1976, the length of the leader shoot (if present)
which would become the main trunk, and the lengths of the three next longest
shoots of each tree were measured. When a leader shoot was not present, the
four longest shoots were measured.

In order to measure the shoot length in 1977 for a particular plant, six shoots
were randomly selected from each deciduous tree, shrub, and Japanese yew in
the following manner when the plants stopped growing. Each shoot was measured
from the past year's bud-scale scar to the tip of the current year's terminal bud.
Because evergreen trees, other than Japanese yew, and hybrid poplar rooted
cuttings produced a true leader shoot. this was measured in addition to five other
randomly selected shoots from each plant.

In March and September 1977, stem diameter was measured at the same height
on each tree in both plots with metal tree-calipers. Nine species were measured
at 30 cm from ground level, the remaining ten species were measured from 10 to
30 cm from the base of the trunk. The stem diameters were converted to cross-
sectional stem area and the data reported as the percent increase in cross-sec-
tional stem area from March to September.

Four leaf weight samples were collected from each plant in 1977. Four shoots
were selected at random, and all the leaves or ncedles from each placed in a
separate bag, dried for approximately 24 hours at 65°C, and then weighed.

Multiple Regression Analysis.—Sixty-two American basswood trees (22 on con-
trol, 40 on landfill) were planted in the spring of 1976 in order to assess the effect
of different levels of the soil parameters (carbon dioxide, oxygen, methane, tem-
perature, moisture content, and bulk density) on tree growth. Basswood was
suited because it was reported to be sensitive to high landfill gas concentrations
(Flower and others 1978). A priori measurements of the various soil parameters
showed that basswood (rees were planted in areas representing a large range of
soil environments. The backward elimination regression procedure (Draper and
Smith 1966) was used to estimate those equations which best represented the
variability in basswood growth measurements. The restrictions placed on the
regression procedure were coefficients and F values significant at the 0.01 level.

RESULTS

Soil Paramerers.—The mean carbon dioxide (CQ,), methane (CH,), and temper-
ature (°C) on the landfill soil were significantly higher and the oxygen (O,) and
moisture content (M.C.) significantly lower (P < 0.01) than on the control plot
(Table 2). Bulk density (B.D.) was similar for both plots.
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TABLE 2. Mean carbon dioxide, oxygen, methane, temperature, moisture con-
tent, and bulk density on the landfill and control screen areas.!

Parameter Landfill Control
Carbon dioxide (percent)? 55b 1.2a
Oxygen (percent)? ' . 178 a 19.7 b
Methane (percent)? 0.9b 0.0a
Temperature (°C) 19.0b 179 a
Moisture content (percent dry wt.) 8.1a 11.0b
Bulk density (g/cc) [8a ' 1.8a

| Row means followed by different letters are significantly different with Student’'s *'r" test

(P < 0.01).
* Percent volume in gas sample.

Survival and Growth of Trees.—Significantly (P = 0.07) more trees died on the
landfill (38) than on the control (24). All rhododendrons (20) died on both plots,
10 hybrid poplars (7, tandfill; 3, control), 5 hybrid poplar cuttings on the control,
6 euonymus on the landfill, 3 blackgum on each plot, 6 willows on the Jandfill,
and no more than 1 replicate of the remaining species died during the 2-year
study.

No one growth parameter is best suited for comparing tree growth on ths
fandfill with that on the control plot. Therefore, in order to rank the surviving
species for tolerance to landfill conditions, results from two different statistical
methods chosen to analyze the three growth parameters (i.e., shoot length, stem
area changes, and leaf weight) were compared simultaneously. The first method
consisted of calculating Student’s '‘r’” statistics for each parameter comparing
the trees on the landfill with those on the control plot. The sums of the three
*“r’" values for each species were calculated (Z'‘t'") and ranked in order from
smallest to largest (Table 1).

The second method of analysis was the *‘principal components analysis tech-
nique.”’ Since the standard deviation of each of the three growth parameters
increased with an increase in the mean value, the analysis was performed on the
natural logarithm of the original data. Factor scores were calculated for each
species on the landfill and control plots using the regression method on the first
factor (Harman 1967). The difference between control plot score and landfill score
was calculated for each species and ranked in order from smallest to largest
(Table 3). According to these data blackgum was the most tolerant and weeping
willow the least tolerant. Shoot, stem, and leaf growth on the landfill plot as
percent of control is also given for each species (Table 1).

Soil Parameters~Tree Growth Correlation.—The best equation describing bass-
wood shoot growth was

Shoot length = 22.2 + 0.4 (0,) ~ 1.5 (CO.) — 0.2 (B.D. x CO,). R* = 0.53
The best leaf weight equation:

Leaf weight = 37.7 — 0.2 (highest soil temperature) — 10.1 (B.D.)

1.4 ;
- 0.01 M.C. ! —_ t=0.
0.01 (M.C. x CO) + iz R =063

The best stem area increase equation:
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TABLE 3. Factor source differences for nineteen species growing on the landfill
and control plots in Edgeboro, New Jersey.

Factor score difference

Rank Species (control-landfilD

1 Blackgum 0.0l

2 Ginkgo 0.07

3 Japanese black pine 0.27

4 White pine 0.31

5 Norway spruce 0.33

6 Bayberry 0.34

7 American sycamore 0.36

8 Pin oak 0.55

9 Hybrid poplar (rooted cuttings) 0.60
10 Japanese yew 0.79°
11 Green ash 0.83**
12 Winged euonymus 0.84**
13 American basswood 0.89*
14 Red maple 0.95%*

15 Sweetgum 1.15=*
16 Honeylocust 1.76**
17 Hybrid poplar 2.18"*
18 Weeping willow 2.78*"
Rhododendron All plants died

** Growth on control was significantly greater (P < 0.01) than landfill.

Stem area increase = 169.0 — 69.6 (B.D.) — 2.1 (B.D. x CO.)

9.6 .
m. R' = 0-53

DiscussionN

Although gas (CO, and CH,) concentrations in the experimentai plot were not
high enough to account for the death of many plants, landfll soil conditions were
of a magnitude to detect the order of relative tolerance of the surviving trees
(Table 1). This ranking resulted from a consideration of the three tree variables
leaf biomass, shoot length (1976 and 1977), and stem area increase.

The ranking of species from best to poorest growth on the landfill compared
to the control was similar for two methods of statistical analysis, i.e., Student’s
“1** test and factor analysis. Those species which grew significantly less on the
landfill than on the control area according to the ‘*t'’ test also made significanty
less growth on the landfill according to ‘‘factor analysis’’ except for pin oak and
Japanese yew.

Of the nine species whose growth on the landfill was not statistically different
from growth on the control plot according to both methods of analysis, only two
(blackgum and sycamore) in the ‘'¢’’ test column and three (blackgum, pin oak,
and sycamore) ia the factor analysis column have been reported (Hook and others
1972) to be able te withstand low oxygen tension in soil, one of the criteria for
selecting the experimental species. Since the majority of these nine species ware
91 cm or less in height when planted, and the majority of the nine species which
made significantly less growth on the landfill than the control plot were 182 cm
or taller when planted, further study is required to assess the effect of planting
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size on species adaptability to landfills. Possibly, the size of the tree at planting
time, as well as the biological ability of species to withstand low soil oxygen, is
important in selecting vegetation for completed sanitary landfill sites.

In order to estimate the relative effect of the soil variables on growth of trees
on the landfill plot, multuple regression analysis was performed for American
basswood because this species, unlike all the others, was replicated 62 times and,
therefore, provided for the best assessment of the effect of the soil factors on tree
growth. This species was also reported to be sensitive to high concentrations of
landfill gas (CO, and CH,) (Flower and others 1978). Regression coefficients were
estimated using soil CO,, O,, and CH, concentrations, soil moisture content, soil
bulk density, average soil temperature, highest soil temperature during the grow-
ing season, and a variety of interactions and reciprocals as independent variables.
Soil bulk density, temperature, moisture content, O,, and CQ, (CO, as the re-
ciprocal to the fourth power) explained a large portion of the variance (R? = 0.53
for stem area, 0.53 for shoot length, 0.63 for leaf weight) in the three growth
parameters. In that (1)/(CO.)* was significanty correlated with basswood growth,
carbon dioxide appears to have affected growth at relatively low concentrations
{1=10 percent). These results are in agreement with several authors who found
that low Jevels of O, (Flower and others 1978) and moisture content (Gingrich
and Russell 1957) and elevated levels of CO, (Flower and others 1978), soil tem-
perature (Rattan 1974, Parks and Risher 1958, Shoulders and Ralston 1975) and
bulk density (Gilman 1978, Hopkins and Patrick 1969) are associated with poor
vegetation growth.

CONCLUSIONS

1. Blackgum, ginkgo, Japanese black pine, and Norway spruce tolerated land-
fill conditions better than others tested.

2. Soil carbon dioxide, methane, oxygen, moisture content, bulk density, and
temperature were important soil factors controlling the growth of American
basswood on the landfill plot on the Edgeboro sanitary landfill.
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FORZWOFD

The U.S. Environmental Protection Agency was created bucause of
increasing public and government concern about the danger. ol pollution to
the health and welfare of the American people. loxious air, foul water, and
spoiled Jand are tragic testimonies to the deterioration of cur nazural en-
vironment. The complexity of that enviroament and the interplay of ite
canmponents require a concentrated and integrated attack on the problem.

Reseerch and development ic that necessary first step in problem solu-
tion; it involves defining the problen,measuring its impact, and searching
for solutions., The Municipal “nvironmental Research Laboratory develops new
and improved technslogy and systems to prevent, treat, and manage wastewater
and solid and hazardous waste pollution discharges from municipal end commu-
nity scurces, to preserve and tr=at public drinking warer supplies, and to
minimize the adverse economic, social, health, and rzsthetic effects of
pollution. This publication i5 one of the products of that research, and
provides a most vital communicatlon link between the researcher and the user
comunity.

In many areas of the country, completed sanitary landfills have been
converted into parks, golf courses, and recrestional areas, and woody trees
and sarubs have been planted on these areas in order to make them attractive.
The field experiments reported here were designed to identify the critical
factors controlling vegetation growth on such sites, The study included
determination of the adaptability of woody srecies to the adverse soil
environment on a carpleted refuse landfill and a study of planting techniques
Tor these areas.

Francis T. Mayo, Director
Municipal Environmental Research
Laboratory
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ABSTRACT

This study identifies some of the critical factors that aifect tree and
urrub growth on reclaimed sanitary landfill sites and determine which woody
species are adaptable to the adverse sivowth conditions of such sites. Trees
planted at the Edgeboro Landfill, Easl Brunswick, 'lew Jersey produced les:s
shoot and stem growth ard shallcwer roots than-trees on the.adjacent control’
plot. Ot 19 woody specics planted ! years ago on a lb-year-old landfill,
black gum and Japarese black pine proved to be the most tolerant and green as
ash and hybrid poplar tlie least tolerant to land:"ill ccnditions. Root sys-
tems of the more tolereat specles proved to be shzcllower than those of the
landfill intolerant speciss. Smaller planting stock (32-60 cm tall) appeared
better sulted “or an2.ill plarting than large trees (3-4 m tall), Balled
rooted material, Of ‘ive gas barrier systems tested, three provea effective:
a soil trench vnderlaid by plastic sheeting over gravel and vented by means
of vertical FVC pipes: a (0,9 m mound of soil underlald with 30 cm of clay;
and a 0.9 m soil-mounc with no clay barrier,

This report was submitted in fulfillment of Contract ilo. B 805%07-01 by .

I,Rutgers University urler the'Spon;crship of the United States Envirormertal

Protection Agency. The report covers the psriod June 1, 1978 to Hay 31, 198y,
and the work was comjleted as of December 31, 1950,
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SECTION 1

INTRODUCTION

"he sanitary landfill has been demonstrated to be the least axpensive
environmentally acceptable me:ns of municipal waste disposal avallable %o
date, purportedly possessing the attribute ¢~ safety in addition Zo the rel-
atively low cost. Though landfill sites mey have originaily been located at
considerable distances from residential areas, rapid urban and subt rban devel-
opment in the United States has caused many once remote dumping grounds to be
within developed areas. As such they provide an attraccive source of muck
necded land for many purposes. Althcugh conversion to recreational areas or
other nonstructural ucage has long been considered an acceptable end ror
completed landfill sites, the urgent need for space and for increased tax
revenues has caused many municipalities to view completed landfills as accept-
able for commercial use as well., In rural areas, intensifying land use has

.resulted in attempts to use campleted landfills for growing commercial crops.,

Regardlcss of the ultimate use of the landfill, certain serious disad-
vantages are inherent, Not the least of thcse are ecological upsets due to
leaching of infiltrates and gases into groundwater, pollution of water
supplies, production of toxic and explosive gas mixtures from anaerobic
microcial decomposition of the organic matter present, and sur»fane settlement.
High ground temperatures have also been reported in the cover material of
some complated refuse landfills,

Because abnormally high incidences of plant mortality were found on
many landfills in New Jersey (Leone et al. 1977), it was desirable to deter-
mine if similar situations existed in other parts of the Jnited States and to
exanine possible causes of and remedies for these vegetation growth problems.
Reports from a nationwide mail survey funded by the USEPA, MERL, Solid and
Hazardous Waste Division (Flower et al., 1978) determined that the scope of
problems encountered when vegetating caimpleted landfills was indeed of na-
tional magnitude. The landscaper, farme. and members of the general public
would all beneflt fram successful vegetation projects such as parks, golrl
courses and recreational areas,

As urban population continues to grow, we can anticipate greater stimuli
for converting former landfill sites into recreational areas and coumunities
may be persuaded to convert these formerly unused lands into viable parks,
golf ccurses and nature areas. Thus, it 1s vital t» develop now the ccien-
tific knowledge required to perform these conversiors. The goal of this
project is to help develop these criteria through the acccuplishment of the
following tasks: .



To determine the relative adaptability of nincteen woody species to land-
fill conditiors.

TQ determine if rooting depth is related to the relative tolerance of
trees to the landfill soil e vironment.

To determin2 if small planting stock can swrrive on éompleted landfills
better than large specimens.

To determine il tallcd and burlappea plant material i1s better suited for
landfill plantings than barce rooted material.

To determine the effects of irrigation on tree growth in landfill soil.

To determine if leaf tissue nutrient contents of trees in landfill soil
dirfers from the nurrient contents of trees in non-landfill soil.

To deten.ine the =ffects ol high landfill ga: (CO9 and CHM) concentra-
tions on availability of soil nutrients, -

To determine the feasibility of constiructing barriers to the passage of
toxic gases from the refuse in.o the root zone of sas sensitive species,




SECTION 2

CONCLUSIONS

SPECIES SELECTIONM

7.

Woody species can be grown on ccmpleted sanitary refuse landfills.,

The viability of woody vegetation in landfill conditions differs among

species,

Rapidly growing trees appear to be more sensitive to landfill conditions
than slow growers., However, since many of the rapidly growing trees
(hybrid poplar cutting=r, honey locust, red maple) produced more absolute
growth on the landfill) than the slow growers, rapid growers may be the
more desireble species if onc is not concerned about comparing growth on
a landtill with the amount of growth normally produced on a non-landfill
arec., .

Tree species planted as smell seedlings appear betier suited for land-
fill planting because they nave the ability to quickly produce a shallow
root system, wnereas, larger sized saplings require more time to produce
a shallow root system, A shallow root system may be more desirable be-
cause it allows roots to grow in a soil zone containing less landfill
gas than the deeper soil zcnes close to the refuse,

Acid-loving plants (Japanese black pine, Norway spruce, black gum, bay-
berry! were more tolerant of landfill soil with a low p4 (4.5) than of
1andfill soil with a higher pH (6.2).

Specles tolerant to low cxygen environments (green ash, American syca-
rore, red maple, cweet gum, honey locust) did not tolerate landfill
conditions as well as other species, Lack of sufficient soil molsture
on the landfill soil was implicated as causing poor growth of these
water loving species,

Species tolerance (based on ccmparisons of growth between landrill with
growth on the' control) differs according to shoot growth or stem area
ircrease. Ginkgo, black gum, and Japanese yew were the most landfill
tclerant specles when shoot length was considered, whereas Japanese yew,
white pine and Norway spruce were most tolerant when stem areas Incrcase
was considered. : :

Low soil pH valuves (L4.5) and high bulk densities (1.8 g/cc) may have
predisposed several species (green ash, ;ed maple, American sycamore) to
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the adverse landfill soil environment.

Ar implication from theze investigat: 'ns is that it the study were to ~
continue for several more years, some species which so far proved rela-

tively intolerant (o the landfill may eventually be regarded as tolerant

bzacause they may take longer to adapt to.the landfill environment.

PREVENTING GAS MIGRATION INTO ROOT ZONES

Concentrations of carbon dioxide, oxygen and methanz in the two mounds
and gravel/plastic/vents trench were similar to those in the non-landfill
control area indicating that these three gas barrier technicues are
suitable for application in landfill vegetation projects..

American basswood trees growing in 0.9 m (36 in.) thick soil mounds
(either unlined or lined with a 30 cm (12 in.) thick clay barrier) ani
in the gravel/plastic/vents irench generzlly produced more stem and
shoot growth than trees in unmodified landfill soil. The other two
trenches' gas-barrier systems did not promote better tree growth than
the unmodified landfill areas.

American basswood in the gravel/plastic/vents trench and in the clay
mound accumulated more of eight plant nutr.ents than trees in the
unmodified landfill screening area.

EFFECTS OF SOIL FACYORS ON TREE GRGWTH

1,

Trees survived in landfill soil containing 3.9% COp, C.U4% methane and
18.8% 0O,, but were killed in soil containing 22.8% CO2, 12% Cr), and L.3% ~
02. Trées cannot survive in soil cortaining these quantities of gas,

Irrigation significantly enhanced sugar maple growth in the landfill
plot but not in the control. '

When levels of COp2, CH,, 02 and soil moisture in landfill soil change to
levels not present in ndon-landfill soils, effects of these soil para-
meters on plant growth cverride the effects of the meteorological factars
which normally affect tree growth,

Multiple regression analysis has shown that the soll environment on the
landfill plot affected the ability of sugar maples to open and close
their stamata, This may have caused same of the growth probiems for
trees on the landfill., However, on the control plot, meteorological
factors appear to have affected stomatal changes in maple, whcereas,

the soil conditions had no effect,

Low soil moisture and high carbon dioxide (or low O ) appear to have
ceused an increase in transpirational resistance ana a decrease in
growth of sugar maple on the landfill plot. This study presented
evidence that changes in either one of these three factors alone while
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trhe other is held constant resulted in signiticant chang°° (P<.05) in
trancpiration and growth of sugar maples.

Regression analysis showed that soil nicrate, soil-oxygen and soil
temperature are the most important factors in determining basswood
growth, However, thls study has precented evidence that soil oxygen
concentration and temperature may have influcnced the soil nitrate
concentration and hence, tree growth.

EFFECTS OF SOIL ENVIRONMENT ON LEAF TISCUE NUTRIENT CONCENTRATIONS

1.

Americin basswood leaf tissue nitrogen, potassium and manganese concen-
trations were significantly lower anu magnesium and iron significantly
higher in the area of highest carton lioxide and lowest oxygen concen-
trations (clay/vents trench) than in all other areas. . )

Inhibition o tree growth by low ox; gen and/or high carnon dioxide may
have resulted in the. inability of American basswood tn accumulate
mangansse, thus the higher soil mangenece content in areas of poor
grow.l., However, reduction of manganese cxides due tu low oxygen (4.3%)
may als> have contributed to the high manganese content in the clay/
vents trench.

Levels of 30il oxygen-at 30 cm, buik density and the highest temperature
during ~he growing season were significantly (positively) correlated

with leaf uptake c¢f nitrogen, pctassium, magnesium, calcium, mangane“e,
copper and iron.

Efficizrey of nitrogen, potassium, magnesium, calcium, iron and copper
accumulation by American basswood was considerably reduced (P<,0l) for
vrees growing ii. the clay/vents trench where the average soil carbon
dioxide concentration was 22.8% and soil oxygen 4.3% compared to all
other areas on the landfill and control plots where carbon dioxide
averaged 7.0% or lower and oxygen was 16.3% or higher.

GROWTH NF BALLED AND BURLAPPED VS BARE-ROOTED STOCK

1.

ROOT

Balled and burlapped sugar maples adarted better than bare-rooted maples
to the soil conditions in the landfill plot.

ADAPTATIONS Iif LAMDFILL SOIL

Root systems of the more tolerant species (Japanese black pine, Norway
spruce) were much shallower than those of the intolerant species on the
landfill and control plots.

The root édaptation mechanism of hybrid roplar associated with landfill
tolerance apreared to be different from that of green ash. Deep poplar
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roots (30 cm) grew toward the s0il surface and proliferated there,
whereas, ash roots at the same depth did not extend to the coil surface,
Instead, a shallow root sycstem was provided for by roots sprouting from
the root collar, 2 cm below the soil surface., The roots proliferated at
this depth resulting in a shallow root system,

Wind-toppled trees may become more common on landfill zitez due to the
luck of deep anchor roots. A deeper coil cover may promcte ~ deeper
rootl system and therefore, help prevent wind toppling.

The need for frequent irrigation on landfills becomes apnarent since
five of the six tree species were shown to produce a shallower root
svstem on the landfill than on the control,

Multiple regression analysis rhowed that soil carbon dioxide and oxygen
*ogether accounted for 8L% of the variability in total root length of
American basswocd.

Elevated levels of landfill soil carbon dioxide and mcthane in conjunc-
tion with low oxygen concentrations appear to be portiaily responsible
for causing a decrease in total root length of American basswood and a
reduction in the depth o7 maximum root penetracion indice=ing a greater
need for irrigation (at least 1"/wk ) on completed landfills than
non-landfill aress in order to maintain good tree growth.

At high lanifill gés corncentrations 30 cm below the soil surface (22.%%
COp, 12,0% CHy, 4.3% 02), American basswood roots did not maintain good
growth; however, at moderate concentrations 8.1% (0o, 0.9 CHL, 18.5%
02), the roots had the ability to grow toward the soil surface and avoid
the contaminated soil environment at the 30 cm depth. Therefore, bass-
wood roots appear to tolerate moderate landfill gas contamination not so
much by growing in the contaminated soil, but by avoiding the gase:
through the production of a shallow root system.

o~
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SECTION 3

RECOMMENDATIONS

SPECIES SELECTION

1.

Since woody species differ in thelr adaptability to landfill soil, those
charged with planting vegetation on campleted landfillc should avail
themselves of current research on thc adaptability of species to land-
fill conditions and avoid the use of ncutolerant species,

Slow-growing trees appear to be petter adapted to landfill conditions
than rdapid-growing treec.

Trees and shrubs planted as imail specimens appear to be better adapted
to landfill conditions ti.an large specimens.

Species with a natural proupensity for producing a shalluw root are
better suited for landfill vegetation projects than naturally deeper-
rooted species. '

Species reportedly tolerant to low oxygen enviromments will not gro.
well on landfills unless th.~y are irrigated very thoroughly.

Balled and burlapped plant material appears to be beiter adapted than
bare-rooted material to lendfi’l soil.

PREVENTING GAS MIGRATION INTC ROQT ZONES

1.

Landfill gases (primarily carbon dioxide and methane) must be kept away
from the root system of trees and shrubs to promote good vegetation
growth., Two methods proven effective are: a) a mound of soil (0.9 m)
over existing cover and b) a lined and vented trench backfilled with
suitable soil,

CRITICAL SOIL AMENDMENTS

l . ’

N

Soil cover should be at least 0.6 m thick in order to promote good
vegetation growth,

Landfill cover soil must be irrigated more frequently than non-landfill
soil to promote zood vegetation growth.




3.

4,

501 nutrient and pH levels should be periodically checked tc insure
against dangerously high or low levels.

T. order .to prevent the cover soil {rom becoming highly compacztaed dw “n;;

thc closing of the landfill, organic matter such as composted sewage '

sludge, lcaves or peat moss might bhe mixed with the cover material oefore
it is5 spread over the refusc,

FUTURE INVESTIGAT1ONG

1.

o

This study presented evidenece that carbon dioxide, methane and oxygen
concentrations and moisture content in the landfill secil affect stomatal
rcesistance of sugar maple. Further investigations chould be conductel
into the effectc of carefully controlled levels of COo, i), and Op and
50il moistwre on stomatal recistance to determine the degree of eflrect
at various concentration:. '

Additicnal controlled greenhouse studiec are needed to ascertain the
influcnce of s0il gas leovels on availability of soil nutrients and
subsequent effects on plant growth. :

Future zcereening studies should further te:t'the hyvothesis that rapidly
growing trees are more sensitive to landfill soil pollution.than slow
growing trees, :

Cince rapidly growing trees craw more moisture from the soil and are
thereby subjected to desiccation more quickly than are slow growers,
the hypothesis that leaf antitranspirants slow the loss of moisture
from the leaves and thereby enhance their landfill adaptability should
be tested. .

Purther investigations of the effects of soil pH'levels on species
tolerance muy be beneficial to our understanding of landfill vegetation
growth.

Root investigetions snould be decigned to determine if the adaptive
capacity to piroduce a shallow root system in soil containing high
concentrations of CO2 ard CH) differs among species. '

Bare-rooted sugar maples appeared less suited than belled and burlapped
maples for landfill plantings. Additional experiments should include a
variety ol species in order to determine if this relationship is univer-
sa~. or whether it is only characteristic of sugor maple.

Further in-depth studirs of vegetation growth on former sanitary refuse
lanafi1ls should include quantitative or qualitative investigations
jnvolving a number of other potentially teoxic gaseous by-products of -
refuse decomposition such as ethylene, nydrogen sulfide and nitrous
oxides.

Purther experiments designed to test a variety of landfill gas-barrier
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10.

11,

12,

Il3.

1k,

i5.

1o,

techniques should include replication of systems.

Additional shallus ructcd specics should be tected for their landtfill
tolerance. :

Future investigations of plant growth on and adjacent to landfill sites
chould study tihe of'th ets of long-tirm, low leve:l »us contiulination of
the root zone on the Incidence of plant diseasze and inzcct darmare.

Procedures should be: developed for npreading cover coil In a manror
which doec not cauze high coil compactlon,

Large and small specimens of many species should be planted on several
differen®t Zandfill: in order to verify the recomuendetion for planting
small trces on landfills,

Cpeclec sereening experimentc chould include at least 20 replicates of
each specic in each treatment,

The minimum soll depth reguired for gr=ss and tree g-owth over landtills

entirely covercd with plactic shecting chould be determined. Thas
information may be aoplied to refuse and hazardous waste landfill sitecs,

Leachate may be used for irrigation water i order to cut plant main-
tenance costs.  However, leachates will vary with time and site and
chould be checked for undecirable characterictics.




SECTICN &4

Many attempts to vegetate completed ranitary refuse landfills with irees
and shrubs have been unsuccessfml {~lower ¢t al. 1978), The sroplem. encoun-
tered during these projects have Leen identified (Flower ct z=l., 19772).

Gilinen et al. (1980° have rcooried that tre: and shrub species vary in tol-
erance o camonly occurring conceintr .tions of landfill gaces in ithe soil.
Other detailed reports describing vegetation growth on landfills were not
found in the literature.

CFYECT OF ZOIL MOISTURE ON PLANT GIOWTH

An important aspect of maintaining recently planted trees, shrubs and
crous 1is assuring adeouaic ooil moisture content in the root zore during the
growing. season,  Rates of nel photosymthesi: decrease when plants are sub-
jected to water stress (Troughton 1969). Direct effects of deciccation on
the vhotos:ntiietic sys'em /Troughton 119) have been reported to cause shoot
growch reductions ip plum trees, leal growth reduction in apple trees; fruit
grov'’y reduction in pear, and general growth reductions in many other fruit
trees and field crops,

Tresh weight, dry weight and total root length of corn seedlings were
cduced when either coil moisture or soil oxygen -ontent was low (Gingrich
and Fucssell 1957). Oxygen and moisture conteni interacted so that at high ~
oxygen contents, growth was rmch reduced by low soil moisture; whereas at low
oxygen contents, the growil Jdiiterence Letween nigh and low soil moisture was
insignifican* (Gingrich and Sussell 1957). '

EXrECT OF oN. (RONMENTAL FACTORS Ol LEAF TPANSFIRATION

Transpirational water loss is influenced by many plant factors such as
lcaf area, leaf anatomy, root:shoot ratio, stamatal frequency and contrcl of
ston.tal aperature (Kramcr 1933 . Meteorological and soil parameters also
have a marked effect on the stamatal changes in lecaves. Meteorological and
coil varameters on landfill areas are likely to be different than on non-land
lardfill areas,

Transpirvation measvrements differ from leaf to leaf within a given tree.
The temperature of sunlit leaves may be 10-15°C above air temperature and of
shaded leaves, 1-2°C above air temperature., On days following substantial
rainfall, stomata on sunlit leaves remain open; however, several days later,
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stomatal resistance for sunlit leaves is often higher than that ¢f shaded
leaves (Butier 1977).

txperiments conducted with four oak species and sugar maple showad that
when air temperature was increased from 20-35°C, stomata opened and tranpira-
tion increased (w:euscher and Kezlowcki 1971). In cocklebur (Xanthium penn-
Sylvanicun' photosynthetic removal of carton dioxide at increased light intern-
sities wa= responsible for the openirg of stomata {Mansfield and Heath 1961},
Increasing the temperature during the right caused the stomata to open to a
point comparable in magnitude to that in light of moderate intensity
(Mansfield 1965). ‘leidner and Heath (1959) described two opposing effects of
increasing air temjeraturc on onion (Allium ceva) stomata: a closing effect
which was shown to be due %o accwmlation of carbon dioxide in the leaf tis-
sue and an opening erfect when such accumulation was prevented.

A comparison was made by Davies and Kozlowski (1974) between stomatal
opening and closing in response to changes in humidity. Secdlings of white
ash and sugar raple wa2re subjected to relative humidity changes from 20-80
percent at two lignt intensities (6,500 lux and 32,000 lux). Increases in
" humidity caused stomatal orening; decreases caused stomatal closure, as is
normal for most plants. However, stamata were less affected by humidit,
changes at high than at low light intensities. These same. phenomena have
been reported for othsr species (Leyer and Stocker 19¢5). Experiments by
Schulze et al. (1972) with three plant species differing completely in their
ecological demands yieclded basically the same results i.e, increased humidity
opens stomata and lowering humidity closes stcmata, Interactions between
humidity and temperature effects on leaf resistance may partially explain
conflicts in the literature concerning temperature effects on stomata as
suggested by Schulze et al, (1972). Cne study indicates that stomata of
orange may close when temperature is increased while relative humidity de-
creases; bul tnat iacreasing temrerature between 20-40°C may cause stamata of
orange to open slightly, provided humidity remains constant (Hall et al.
1975). There has been no published literature on the effects of soil temper-
ature on stomatal opening changes, and ultimately on growth for plants grow-
ing on landtill soils. :

Soil moisture content was also found to interact with humidity in regard
to stomatal resistance, Unirrigated Hammada scoparia plants were found tc
respond more quickly and to a greater degree to changes in air humidity than
were irrigited plots (Schulze et al. 1972). In bean plants, stomatal conduc-
tance decreased with decreased air humidity; however, th> reduction was
greater at higher soil moisture contents (Moldau and-Syber 1976),

Davies et al. (1969) report that increasing wind speed over a leaf
surface causes variable respcises in different plants. Transpiration over
a 2L-hour period was increased by wind in ash, decreased in maple, and un-
affected in pine, These differences were reflected in stomatal control i.e.
whereas maple stomata closed rapidly when exposed to wind, those of ash did
not.
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EYFECTS CF SOIL - CONCITIONS ON NUTRIENT UPTAKE

Levels of so0il mutrients available to plant roots may be affected by the
soil atmosphere in sanitary landfill soil (Gilman 1978‘. Previous studies
suggest that changes taking place in flooded soil generally parallel changes
in landrill soil (Flower et al. 1973).. Several snil elements e.g. manganese,
iron, and sulfur become more available in flocded soil due to low oxygen
levels (Ponnamperuma 196L4:. Higher available levels of these elements in the
s0il are often accompanied by their incéreased uptake by plant roots.

t has been shown since the early 1900's that plants grown in solution
culture require both air and minerals in order to achieve adequate growth
(Frickson 1946', There is a good deal of variability among :lants in toler-
arce to low oxygen or hish carbon dioxide concentrations ana aigh soil tem-
peratures in the root zone (Flover et al. 1978).

Soil campaction can also dramatically affect the response of plants to
the soil enviromment by decreasing total pore space and by reducing the size
of the pores, Vecihmeyer and Hendrickson (1946a) found that the roots of
sur.flowers in the laboratory and grape vines in the field boil. pepetrated a
lowm soil to the depth at which the bulk density reached 1.8 g/cm”, but would
not penetrate any furiier where bulk density was higher. In a later paper,
Veihmeyer and Herdrickson . (1946b) reported %hat roots would not penetrate a
loamy soil with bulk density above 1.9 g/cm~, whereas 1.6 to 1.7 g/cm” was
the limiting value in clay soil, They attributed the failure of roots to
penetrate soil. with a bulk density above the criti~al (limiting) value to the
size of the pores and not to the lack of cxygen, rointing out that roots can
renetrate water-saturated noncompacted soils, In a ccmpacted soil, roots of
sugar cane were restric.ed to the top few inches; whereas in well structured
s0il. roots pencirated throughout the tilled horizon (Trouse and Hamber 1961).
A bulk density of 1.lc g/cm3 slightly reduced root penetration in sugar cane,
a value of 1.36 g/cm3 reduced root growth and caused rootlet distortions, and
a value of 1,45 g/em” seriously reduced root penetration. Sugar cane roots
completely avnided growing into soils whose bulk densities exceeded about
1.52 g/cm3 (Trouse and Hamber 1961), Purker and Jeany (1945) found that
water infiltration of soil decreased as bulk densities increased, resulting
in erozion and soil with a lower moisture content than that of a less campsct
soil. .

The accum.lsiion by plants of a number of nutrients is reportedly af-
fected by poor soil aeration. Several .athors have shown that potassium is
the first mineral to decrease in leaf tissue under poor aeration (Broadbent
and Stojenovic 1952; Hoagland and Broyer 1935; Lety et al, 1966). A sup-
pressed soil oxygen supply to the roots of avacodo significantly decreased
the leal concentration of N, P, K, Ca, Mg and B (Lakt 1-auskas et al. 1968).
L2yshor and Sheard (197)) found that low oxygen levels decrease N, P and K
concentrations by 51, €1 and 58% respectively, and may account for reduced
barley growth., Shoulders and Palston (1975) reported that low oxygen levels
aticnuated the uptake of P, K, Ca and Mg in slash pine, but increased NOj
uptake. In these studies high soil levels of methane, ni‘rogen, and carbon
dioxide reduced phosphorus uptake to a greater extent than that of nitrogen
and potessium, Phosvhorus uptake was significantly reduced in leaves but -
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increased in roots, suggesting an immobilization mechanism in rocts. Since
Pigh soil carvon dioxide, n;+rogen. and methane affected phosphorus uptake
similzrly in contrast to air, a lack of oxygen was suspected as the causal
mechanism -~ not gaseous tox1c1ty {Meiklejohn 195k; NlranJan and Mikleisen

1977).

Hammond et al. {1955) observed an interaction between oxygen and carbm
dioxide when 5% carben dioxide combined with 1% oxygen applied to.corn roots
resulted in the same potassium deficiency as treatment with 207, carbon dioxide
and 20% oxygen. They concludcd that soils associated with plants exhibiting
potassium deficiencies, even though adequately supplied with potassium, often
consist of neavy silt to silt-clay, have poor structur are compucted by
weather or are high in calcium.

Low soil oxygen alone or in conjunction with flooded soil has been
associated with an increase in trace clement contents- (e.g. iron and sodium)
in avacodo secdlings (Labanauskac et al, 1956). Increased soluble levels of
iron in same reduced soils have been reported to result in iron toxicity to
crops (Howeler 1973; Ponnamperma 1955, The adverse effects on plants »of
high levels of available iron in reduced soils may result from direct toxic-
ity; however, several r ports in recent years suggest that the mechanism of
iron toxicity may involve indirect effects of excess iron., Howeler (1973)
postulzted that excess soluble iron in flooded oxisols in Columbia may coat
roots with an iron oxide barrier layer. thereby reducing nutrient transport
from the soil into the plant. As a result, rice plants were assumed to be
deficient in phosphorus, potassium, calcium, and magnesium 2s a result of
iron accumilation in the root zone. Jenes (1975) also suggested that reduced
phosphorus uptake by some cune slack grass species may be attributed tc phos-
phoruc immobilization at the root surface due to the high level of iron
associated with roots in waterlogged soils.

Waterlogged soils and sediments high in organic carbon. content may
became strongly reduced, resulting in sulfate reduction and sulfide accumula-
tion., The detrimental effect of hydrogen svlfide on root function and plant
growth is well esteblished in the literature (Hollis 1967; Ponnamperuma 1955;
Vamos 1958). Several studies on the mechanisms of toxicity have indicated
that the presence of hydrcgen sulfide may also limit nutrient uptake (Hollis
et al, 1975; Joshi et al,1975)., Ford (1965 Mitsui and Kumayawa (1964)
suggested that the mechanism involved is an adverse effect of hydrogen sul.-
fide on enzymatic reactions. :

I'ew investigators have studied the effect of soil temperature on nutri-

ent accumulation. Rattan (1974) reported a decrease in uptake by corn of
-nitrogen, potassium and zinc and in translocation of nitrogen at high soil
temperatures. The rcquirement for calcium in wheat was found to increase
with an increase in scil temperature fram 20°C to 30°C (Burstram 1956).
Neilson (1971) also observed a greater plant response to tie addition of
calcium at higher soil temperatures (25-30°C) than at lower temperatures (15-
20°C). Tissue content of N, P, K, Ca and Mg in corn, bramegrass and potato
increased with increasing temperatures from 5°C to 19.5°C, above which total
tissue nutrient content leveled off or decreased, During this investigation
(Neilson 1971), high nutrient uptake at temperatures favorable for plant
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growth was greatly dependent on the amount of nutrients added to the soil

medium, For example, total uptake of phosphorus by corp at 27°C without

added phrosphurus fertilizer was only 10% of that accumulated at this tempera-

ture with an N, P, K fertilizer treatment. A favorable temperature did no*

compensate greatly for lack of nutriants, nor did aidition of nutrients of.- ~
set the effect of unfavorable temperature. ’

EFFECTS OF SOiL CONDITIONS ON. ROOT GROWTH

Informatior is available on the restriction of root growth by low soil
oxygen supply (Leonard and Pinkard 1946), high carbon dioxide supply (Geisler
1963; Chang and Loomis 1345), mechanical impedence due to high soil compac-
tion (Hopkins and Patrick 1969) and interactions among these parameters
(Hopkins and Patrick 1969), These conditions often occur in landfill soil
environments; however, studies describing root distribution in such areas
are wanting. The studies presented herein characterize root systems growing .
in a sanitary landfill soil environment. '

Most of the available information on the extent and concentration of
forest tree root systems has beern obtaln=d by excavation and mapping exposed
roots of scedlings or mature trees Qean 1955; Pavliychenko 1937), and most of
this work has been largely confined to spezien of pine, with relatively
little attention to broadleaved deciduous tre-:, Such studies have largely
dealt with three categories of root behavior: depth of penetration, tendency
to concentrate, and lateral spread, '

Lailtakari (1929) observed Scotzh pine to be more shallowrocoted on sandy
soils *han on loamy scils. Kaleda (1949) found “hat in individuals of this
species growing in sandy soils, about 87% of the horizental root system was
located in the upper 8 inches. However, same secondary roots that originated
from the taproot deep in the soil rose systewmatically to the surface
(Lailtakari 1929). A similar situation was reported for bur oak by Weaver ~
and Kramer (1933). The horizontal root distribution of white pine {Lutz <t
al. 1937) was found to be different in various soil horizons btut the greatest
development was always fouad in the upper (A horizon) soil layers.

One of the most intensively studies conifers in the United States with
respect to root development is longleaf pine. Hodgkins (1977) reported that
lateral root length and spread of this species increased with improved com-
petitive position of the tree and with age up to maturity. Heyward (1933)
observed that lateral roots of longleaf pine grew at a uniform depth through-
out their length. Holch (1931) explained the pattern of heavy taproot plus
prominent long laterals radlating at shallow depths from the tuprooi, de-
scribed by (Lenhart (1934) and Wahlenburg (1946), as a.characteristic of
species adapted to drier sites.

Holch (1931) reported that the spread of roots of five species of
deciduous trees greatly exceeded’ the height ond spread of the tops. Kramer
and Weaver (1933) observed that most of the major laterals of bur ocak origi-
nated in the upper 2 feet of soil. The results of a study investigating
morphalogical root characteristics of nine selected northeastern hardwoods
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(Stout 1956) revealed that the mean depth of the laterals was betwzen 10 and
18 inches for four of the species while that of the other five spscies aver-
aged less than 10 ihches. ‘

While investigating oak growth in the Arizona chaparral, Davis and Pace
(1977) found live roots down to a depth nr 21 feet.

Results of the above investigations show that many tree species develop
relatively shallow rcot systems, although additional taproots extending down
severa:. feet are often found originating from laterals,

Studies on the tolerance of plants to waterlogging, many of which have
been reviewed by Grable {(1966), Gill (1670) and Rowe and Beardsell (1973),
have been concerned with resporses of root and shoot to lack of oxygen and to
injurious chemical substances produced in the soil and in plant tissues, as
well as with mechanisms of tolerance in certain species.

Periodic or permanent waterlogging is an important characteristic of
many forest .cites where Sitka spruce (Picea sitchensis) and lodgepole pine
(Pinus contorta) are the species most frequently grown. Cn such sites, soil
oxygen can decreac2 abruptly a short distance below the surface (Armstrong
et al. 1976) and conrequent injury to the root system results in shallow-
rooted unstable crops. Field studies on Sitka spruce {Lees 1972) and lodge-
pole pine {Baggie 197:¢) growing on peat soils show that root development of
both species is affected by waterlogging. Actively growing greenhouse-rooted
lodgepole pine cuttings were more tolerant to waterlogging than snruce, when
assessed in terms of the survival of both the tip and basal region of the
root. By contrast, dormant roots of both species were so toleraht to water-
logging (28 days) that the tips remained alive and rapid regrowth took place
after the soil was drained (Coutts and Philipson 1978).

During further investigations Coutts and Philipsoa (l978a) found that
lodgepole pine roots penetrated to depths of 20 cm at 10°C in soil devoid of
oxygen, whereas Sitka spruce made only shallow growth into the watertable,
The results suggested that the deeper penetration of waterlogged soil by
lodgepole pine than by spruce is due to internal oxygen transport in =he pine
roots. Philipson and Coutts (1978b) later showed that the pine had a preater
capacity for oxygen transport to the flood-intoleran: spruce.,

Studies concerning the morphologic adaptations necessary for plants to
withstand veriods of anaerobiosis cite two tynes of modifications: i.e.
increased branching of roots and .he formation of adventitious roots.
Geisler (1965) found that a reduction in the oxygen supply lead to a higher
number of lateral rcots per unit of root length and an enhancement in the
dersity of the root system, As a consequence of increased root numbers, the
area for active ion absorption located close to the root tips is increased
(Brouwer 1965).

Kramer (1951) postulated that the formation of shallow adventitious
roots is an important modification for plants to survive oxygen depletiam.
The adventitious roots of same species contain more alr space than the
primary root systems, allowing oxygen tc diffuse more freely down to the
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primary root system (Luxnocre 1965).

Alberda (1953) observed that in rice, a mat of fine dense roots was
formed at the surfaze of the water at the end of the tillering period. He
suggested, and Volarac and Letey (L-s06) later demonstrated. that adventitious
roots formed during aerobic conditions did not transport oxygen to the
primary roots as effectively as did adventitious roots developed during -
anaerobiosis., Several deciduous tree soecies planted on mine spoil soil
formed flat root systems, with -rirtually all root development in the surface
and near surface layers (Zdzislaw and Greszta 1909). The author:s imply that
chemical properties of the soil can account for the development of shallow
roots.

‘Research efforts aimed at e:ctablishing vegetation on completed sanitary
landfills, let alone charactevization of root systems growing in such envi-
ronments, are limited, A study evaluat*rg species adaptability to a landfill
in California (l97h) repor’.s that root systems of the trees are shallow aal
lacking in strength. Reinhardt (1973) writes in the final report describirg
a refuse-milling project in Madison, Wisceonsin, that when root systems are
limited in extent and function by dnficient moisture, deficient oxygen or
high soil strength; fertilizers are apparently not utilized by the trees in
surficient quantities to cause measurable growth changes, Since neither of
the above stucies contain guantitative data interpretation of these state-
ments is difficult.

In summarizing the results of an evaluation of 1< species to landfill
environments, Gilmzn (1978) observed that woody plants growing in a.landfill
soil develop a greater proportion of their root system in the top 13 eam
than the same species growing on a2 nearby non-lundfill area, The need for a
more thorough root distribution characterization in trees growing in landfill
soll is clearly apparent in that the ability of a species to tolerate the
landfill environment appears to be partially related to its ability to
establish a shallow fibrous root system.
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SECTION 5

METHODS AND MATERIALS

TREE PLANTING

Species Screening Experiment

During the spring of 1976, 10 replicates of 19 woody species were plant-
ed on both the completea lh-year old Edgebero sanitary refuse landfill lo-
cated in East Brunswick, New Jersey and on a nearby non-reruse control area
(Table 1). The species were evaluated durirg the 1976 and 1977 growing
seasons for their ability to tolerate soil conditions present in the landfill
soil (Gilman 1978). Data presented in this report were collected from the
trees during 1978 and 1979 and compiled with portions of data collected
durirg 1976 and 1977.

Gas-Barrier Techniques

Turing the spring of 1976, American basswocl (Tilia americana) ana
Japanese Yew (Taxus cuspidaca) were planted in replicates of six in eaca of
seven gas-barrier areas: three trenches and two mourds on tne landfill plot
and one trench and one mound on the control plot {Gilman 1978; Leone et al.
1979), Following the removal of the basswoods and yew in the trench areas in
the spring of 1978, two-year old black gum (Nyssa sylvatica), honey locust
(Gleditsia triacanthos) and pin oak (Quercus palustris) seedlings were plent-
ed in replicates of six in the three landfill trenches and control trench and
in the landifill and control unmodified areas.

TABLE 1. SPECIES SELECTED FOR VEGETATION GROWTH EXPERIMENT AT
EDGEBORO TANDFILL

Latin name Cammon name
Acer rubrum Red maple
Fuonymus alatus Euonymus
Fraxinus lanceolata Green ash
Ginkgo Ginkgo
Gleditsia triancanthos . Honey locust
Liquidambar styracifluva Sweet gum
Myrica pensylvanica Bayberry
Nyssa sylvatica Black gum
(continued)
17

-




TABLE 1, (continued)

Latin name Cormon' name
Picea excelsa : Norway spruce
Populus sop. Hybrid poplar (saplings)
Populus spp. . Hybrid poplar (frum rooted
cuttings)
Plantanus occidentalis American sycamore
Pinus strobus Write pine
Pinus thunbergi Black pine
fuercus palustric Pin ocak
Rhododendron hyb. 'Roseum Elegans’ Rhododendron
- Salix babylonica - Weeping willow
Tilia americana American basswood
Taxus cuspldata var. capitata Japanese yew

Irrigation Effects on Tree Growth

To Investigate the eftects of irrigation on survivability of' trees in
landfills, thirty 2-year old sugar maple (Acer saccharum) seedlings spaced
1 m (39in,) apart were planted in the spriag of 1978 in two semarate areas
on both the landfill and control plots. One group of 30 trees on each plot
was periodically irrigated during the 1°-/° and 1979 growing seasons according
to the scledule presented in the irrigation section of this report. The
other area was not irrigated and is referred to as the non-irrigated area
in this report.

Efrect of Size of Planting Stock on Species Tolerance to Landfills

To determine if the size of planting stock influences the ab:ility of
trees to survive in a landfill enviromment five £ 7 vear-old, 2.5 m (98-in.
tall) sugar maple saplings; ten 2-year-old ©.5 m (20-in, tail} cugar maple
seedlings and ten 2-year-old green ash (Fraxinus lanceolata) 0.5 m (20-in.
tall); were planted in the spring of 1978 on the landfill and control screen-
ing areas. Growth of the larger sized green ash planted in 1976 was campared
with growth of the smaller ash trees to assess the eiffect of planting size on
landfill survivability and growth.

Type of Planting Stock in Relation to Landfill Tolerance

_ In order to determine which type of plantling stock is best suited for
carpleted landfills five balled-end-burlapped (B&B) 2-3 m (79-118 in. tall),
and five bare-rooted 2-3 m (79-118 in. tall) sugar maples were planted on the

landfill and control screening areas in the spring of 1978.
CULTURAL METHORS
Fertilizing
In October 1977 and 1978, soil nutrient analyseés fo. both plots indicat-
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ed low nitrogen, phosphorus and potascium levels. In order %o raise these
levels to an adcquate range, on April.2l-24, 1978 and April 25-26, 1979,
1.13 Kg (2.5 lbs) or 10-6-4 granular fertilizer were spread around each tree
on all plots with a standard granular fertilizer spreader.

Liming

In order to raise the pH from approximately 5.0 to between 6,0 and 6.5,
0.57 Kg (1,25 1bs) of pulverized dolomitic limestone were applied to the soil
around each tree on both plots by means of a walk-bchind spreader on April 29,
1978, Since the pH aid not rise to the desired level, application rates were
recalculated and 1.8 Kg of additional limestone were applied on April 30,
1979. The pH was brought to the 6,2 'level.

Irrigation

The rainfall in New Brunswick in the early spring of 1978 was sufficient
to maintain the soil at a moisture level adequate for tree growth; but by the
middle of May, the soil moisture had reacked a level low enough to warrant
irrigation., Soil moisture was tested by squeeze method. When water dripped
fram the soil when squeezed, it was classified as wet; when no water came out
but the soil stayed together in a clump, the soil was moist; when the soil
crumbled after squeezing, the =o0il was considered dry and the soil was
irrigated, Approximately 3, L (1C gallons) of water were applied to all
trees with a center-pivot irrigator during each irrigalion period, Trees
were irrigated four times durins 1976. :

Rainfall during the 1979 growing s<.ason was sufficient to warrant irri-
gation only twice during the summer., Approximately 39 L (10 gallons) ou
water were applied to each tree during irr:gation periods,

During the investigation of the effects of irrigation on sugar maplaz
growth, one group of 30 plants was irrigated in the landfill and control
plots during the summer (1978 and 1979) so that the amount of water fram
rainfall and irrigation totaled approximately 2.5 cm (1 in.) per week.
Plants were not irrigated if more than 2.5 em (1 in.) of rain had fallen
during a given week, Another group of 30 maples on each plot was not irri-
gated,

Pest Control

Cn May 7, 1978, pin oak, American basswood, weeping willow and hybrid
poplar were sprayed with liquid Sevin for the control of tent caterpillars
and canker worms which were present on some trees, A second spray was
applied on May 23, 1978 for the same insect pests.

Red-headed pine saw flies were found on several.Japanese black pine
trees on the landfill plot during the week of Augist 7, 1978. The black
pines on both plots were sprayed with Mslathion on August 10 to control this
pest.
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Rodent Ccntrol

In order to protect the bark and cambium of young seedlings from rabbit
damage, 0.5 m (20 in.) high chicken wire was placed aronnd areas which con-
tained seedlings susceptible to rabbit injury.

Weed Control

During the 1978 growing season, grass and w=eds were periodically :ut
with a power mower and weeds were pulled from the area immediately surrow:d-
ing each tree trunk.

Weed growth in 1979 was chemically controlled. In April, threc-eighths
(3/3) cup of Roundup and ore-halif (1) cup of Princep were dilu.ed with water

to make three gallons cf solution, This mixture was applied to the scil
until the ground was thoroughly wet. This procedure was repeated in June,

SAMPLING METHODS

Soil Measurements

Soil gas content, temperature, bulk density, moisture content and nutri-
ent concentrations were measurzd throughout the 1978.and 1979 growing ceascns
as described by Gilman (1978). '

Tree Measurements

Shoot length and stem area (Table 2) are measured on each tree in thr
fall of 1978 and 1979 and root biomass was mezsured on each tree during tac
1977 growing season. Tuaese procedures were presented in an earlier report,
Gilran (1978) and Leone et al, (1979).

TABLE 2, DISTANCE FROM THE SOIL SURFACE AT WHICH 3TEM TNCREMFNT
WAS MEASURED

Species Distance
from soil
Letin name Common name (cm)
Acer wubrum Red maple 30
Eucaymus alatus Winged-euonymus . 5
Fraxinus lanceolata Green ash 30
Ginkgo biloba Ginkgo 30
Gleditsia triacanthos Honey locust 30
Liouidambar styraciflua Sweet gum : 8
Myrica pennsylvanica Bayberry : 3
.Nyssa sylvatica Black gum 8
Poplus sp. Hybria poplar (sanlings) 30
Poplus sp. m Hybrid poplar (rooted cuttings) 5
(continued)
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TABLE 2. {continued)

Species Distance
: ‘ from soil

.Latin neme Common name (em)
Picez glauca Norway spruce 3
Platanus vecidentalis American sycamore 30
Pinus strobus White pine 5
P?inus thunbergi o Japanese black pine 5
Quercus palustris Pin oak 30
R.nododendron elegans - Rhododendron 3
Salix babylcuica Weceping willow 30
Tilia americara American basswood 30
Taxus cuspidata capitata Japanese yew 3

Leaf Weignt--

In order to measurc the amount of leaf bpiomass produced by each Amer-
lcan basswood on the seven gas-barrlier areas and the landfill and control
screening aceas, four shoois were selected at random from each plant, one in
each of the cardinal compacs points (N, S, E, and W). From each of these
four shoots, all the leaves were collected from last year's bud scale scar to
this year's terminal bud and placed in four separate bags. The leaves were
dried for anproximately twenty-four hours at 65°C and weighed.

In ordcr to measure average leaf w2ight of the sugar maples in the irri-
gation experiment, two'leaves, i.e, about 10% of the total number, w2re ran-
domly chosen from each tree. Leaves were dried for approximately 2h hours at
£5°7 in a forced air drying oven and weighed to the nearest milligram. Total
lcaf biomass produced | s each tree was calculated by multiplying average leaf

weight by th: average number of nodes/shoot.

Tissue Nutrient Content--

On August 7, 1977, American basswood leaf tissue samples for elemental
analysis were collected in the following manner: five shoots were randomly
selected . from each tree in each gas-barrier technique and landfill and
control screening areas, Four leaves were collected from each shoot for a
total of 20 leaves/iree. The leavec were dried for 24 hours at LO°C in a
forced air drying oven, and ground through a LO mesh screen. Chemical anal-
ysis of this tiscue was determined according to methods presented in the
Chemical Analysis portion of this report, '

Traispiration Rate--

The physiological condition of the sugar naple ~,eec._‘l.ings planted for the
irrigation experiments was monitored by mcasuing the ra-e of transpiration
fram a given area of leaf surface with a Lambda Instrumen“s Diffusior
Resistance Meter. Transpiration studies were designed for two purposes: ‘the
first was.to investigsete the transpirational strategy of sivgar maple seedlings
in the irrigated and non-irrigated areas on the landfill pl>t throughout an
entire day and the second was to study the transpirational c<trategy over a
period of days on the landfill and control plots.,
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In the first experiment, fiv.: maples were randomly selected from the:
irri;ated area where carbon dioxide averaged 2,37 and methane O%; five from
Uhe non-irrigated area which contained 2.2 carbon dioxids and no methape;
and five from another area in the non-irrigated area where carbu: dioxide:
content . was highest (7.8%) and meothane was zero. Sugar maple was selected
because of its reported sencitivity to landfills and flooding conditions
(Leone et al. 1979). Diffusive resistance meacurcments were obtained from
two leaves per tree starting at 8:30 a.m. and continuing at one hour inter-

PR

vals through the day until &:30 p.m,

I the seccond experiment, ten trees were raniomly selected from the
irrigated and non-irrigated arcas on both plots. Dif.nsive resistance was
measured aaily on two leaves per tree between 10 and 12 a.m, starting on
fusust 9, and continuing throush Avgust 23, 197 .

Meteorologic Measurements

Air temoerature and humidity data were obtained from Lhe Rutgers
Uriversity Meteorology Department for cach hour during the day corresponaing
with the time of trangpiration measurement. Wind speed and lignt intensity
measurements were uncbtainable because the weather station was bYeing relo-
cated during August 1973, Total wind movement (in miles per day) m2asure-
ments were obtained for each day between August 9 and August 23.

CHEMICAL ANIALYTIS

llitrogen Content

Nitrogen content of American basswood leaf tissue was determined by the
Kjeldahl method (Pepkowitz 19L2).,

Other Chemical Components

Leaf mangar.cce, iron, potassium, magnesium, calcium, zinc and copper.
contents were determined by atomic absorption spectrophotaometry.

ROOT EXCAVATION METHODS

Two replicates of black pine, llorway spruce and honey locust saplings
and two replicates of hybrid poplar and green ash saplings and seedlings
were selected for study at the end of the 1979 growing season fram both
the landfill and control screening areas for a total of 28 trees. At the
end of the 1977 growing seacon, two American basswood (Tilia americana) trees
were selected for study from each of three gas-barrier trenches on the exper-
imental landfill plot, one gas-barrier system on the control plot and from
the landfill and control unmodified areas totaling eight trees fram the land-
£ili plot and four from the conirol. The entire root system of each tree was
completely excavated by means of a small hand trowel fram the point of emer-
gence at the main stump to ithe root tips. Each root greater than 1 mm in
diameter was followed to its end except in cases where it lay beneath an-
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adjaccnt .trece or had been broken,

After the individuel roots had been expesed, the distance from the coil
sur acc to the center o¢ cach root was mecasured ot 3¢ cm (12 in.  intervals
Crom the stump to and including the root tip.

STAT1ISTICAL AMALYSIS

Anaiysis of variance, analysis of covariance, ctudent's "t test,
murtiple regression, factor analysis, Chi-sguare analysis and corrclation
were used to analyzZe tae data im this report (var 1974; Jraper and Smith
12u7; Harman 1977).
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SrnCIES SCREENING EXPIRLNENT

helative Viability of Plants

Twenty-three¢ plants on the landfill pl~<it and 19 on the control plot died
between the winter of 1977-1978 and the ¢nd of surier 1379 (Table 3). Mos
cf these deaths were attributed to dry zoil conditions. In acditioa, the
10 weeping willows on the control plot were cut dowm in the sohring of 1373
bacause all the willows on the lardfill plot ned dled from lack of roizture
by the end of the 1977 growing season, Ninety porcent of the euwonymuc
shrubs on both plots were destroysd by rabbitc, therefore, the remaining
shrubs wer: removed from both plots during the fall of 1978, Al the riundo-
dendron shrubs on the lana’ill plot had succumoed to cxposure, winter injurs
or iack of moisture by the enc of 1977.. Enough replicates of sixteen of the
original 19 speccies remained zlive during 1978 and 1979 to statistically
evaluat~. their ability to tolerate landfill soil conditions,

TABLE 3. NUMEER OF TREE DeATVS IN SCREZNING EXPERIMENT BETWEEN
NOVEMBER 1977 AND OCTOBER 1379

Species Landfill plot Control plot

Flack gum

Eayberry

Fin Oak

Jipanese yew

Sweet gum

Lronymus

Weoeping willow

Japanese black pine
Hybrid poplar {saplings)
Ginkgo

Norway spruce

American basswood '

Red magzle

American sycamore
Hybrid poplar (rooted cuttings)
White pine

COCOOHWH OO HF
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(continued)
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TABLE 3, (continued)

‘Species Landfill plot Control plot
Honey locust 0 0
Creen ash ' 0 _ 0
Total 23 19

Relative Growth of Surviving. Plants

During 19783, the majority of stecies grew better on the control plot
than on the 1andfill plot (Tables 4 and 5) (Figures 1 and 2). Black pine was
the only species which produced both greater shcot length and stem arez on
the landfill plot than on the contrel plot. Bayberry and ginkgo produced the
same amount of shoot growth but greater stem area on the lan:drill plot than
on the control plot. Nurway sprce, wnite pine and black gum had better stem
growth, but less shocct growth on the experimental landfill plot compared %o
the control. American basswooa had slightly less stem grovwih and clightly
greater shoot lerngth on the landfill than the control, In hybrid peplar
(rooted cuttings) stem growth waz similer on thc landfill and control plots,
whereas, shoct length was greater on the control., Red maple had equal shoot
growth on both plots but significantly poorer stem growth on the landfill
compared to the control plot, In Japanese yew, American sycamore, pin oak,
hybrid roplar, sweet gum, honey locust and green ash both shoot and stem
growth were lower on the landfill than on the control plot.

. N .
TABLE 4, AVERAGE SHOOT LENGTH FOR 16 SPECIES ON LANDPMILL AND CONTROL
PTOTS FOR 1978 GROWING SEASOMN -

Shoot lensth Landfill Landfill
. (cm) as tolerance
Species ' Landfill Control % control rank .
Black pine 24,3 1.5 113.1 1
American basswood 9.1 8.k 108.8 2
Ginkgo .3 .0 100.0 3
Bayberry 13.7 13.9 9G.1 L
Red Maple e8.1 28.8 97.k4 5
Japanese yew 13.2 1k.5 90.9 5
American sycamore 25, b 30.6 83.0 7
Hybrid poplar 95.7 121.0 79.1 8
{rooted cuttings) :
Black gum 1k,0 17.8 73.90 9
Wnite pine 11.6 15.7 4.0 . 10
Pin oak 22.7 39.4 73.3 11
Norway spruce 1k.9 22.7 65.3 12
Hybrid poplar. L1,2 103.5 39.8+ 13
(saplings) ' ~ (continued)
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TABLE 4, (cortinued)

Shoot length Landfill Landfill
(cm) as tolerance !
Species Landfill Control ¢ control rank ~
+ H
Sweet gum 13.1 4o.4 32,57 14
Honey locust 17.6 cl.1 28.8+ 15
Green ash 10.4 Lo.o 25.7+ 1¢
* Average frou 1 to 10 replica.ec depending on species,
+ 3ignificant @ P <, 01,
% Significant @ P <,05.
TABLE 5. AVER. "% PrERCENT STEM ..REA INCR:ASE* FOR 16 SPECIES ON LANDFILL
AND CONTROL ~LOTS FCR 1978 GROWINC SEASON
Steri area Landfill Landfill -~
<) as tolerance
Species Landrill Control % control runk
Black pine 1.0 20.1 253. 3+ 1
Bayberry 18.8 8.1 232.5 2
Norway spruce L 27.9 12,2 228.5+ 3
Ginkgo 14,8 8.4 175.0 I
white pine 23.9 20.) 118.9 5
Black gum Lo, 1 7.0 108,2 z
American basswood 26.4 27.2 97.0 7
Hybrid poplar 188.7 198.7 95.0 8
(rooted cuttings) . ~
Red maple 50,7 79.5 62, 8+ 9
Hybrid poplar 133.2 216,7 61, b 10
{saplings)
Sweet gum 26,6 b2 60.3 11
American sycamore 2L.7 39.7 54,6 12
Green ash 37.9 72.6 51,5+ 13
Pin oak 42,8 93.6 L5, 2+ 1k
Japanese yew 22,b 50.2 Ly, 6+ 15
Honey locust 29.2 86.5 32.8+ 16

* Percent increase from March to October from 1 to 1C replicates depending

on species,
+ 3ignificant @ P <,0l.
1 Significant @ ? <,05.
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During 1979, six of the 16 species produced more shoot growth on the
landfill than on the control plot; however, one-half ot the spaciecs (3)
produced more stem area on the land<ill plot than on the control (Tabl:s 6
and 7). Honey locust, hybrid poplar rooted cuttings and white pine produced
greater shoot length and stem area on the landfill plo' than on thé controvl
plot. Black gum, black pine and American sycamore had better shoot growth
but poorer stem growth on the experimental landfill ploz conpared to the
control. Japanese yew, bayberry, American basswonod, rea maple and pin oak
increased cross-sectional stem area more on the landfill than on the control
nlot but produced less shoot lengtrn. Norway spruce, swezt gum, ginkso, green
as and hybrid poplar saplings produced smaller amounts of snoot and stem
growtn on the landfill compared to the control plot.

*
TABLE 6, AVERAGE SHOOT LENGTH FOR 16 SPECIES ON LANDFILL ANL CONTROL
PLOTS FOR 1979 GXOWING SEASON

Shoot length Landfill Landfill

(ca) as tolerance
Species Landfill Cor.trol 9 control rank
Honey locust . 101.8 85.5 118.8 1
Bldck gum ' 30.9 2€.5 116.6 2
Hybrid poplar 107.8 _ 98.2 109.8 3
(rooted cuttings) ‘
Black pine 27.6 25.5 109. 4 i
White pine 20,1 19.1 105.6 5
American sycamore 51.7 Lo, 3 104.8 6
Japanese ycw 2Lk, 9 26.0 95.5 7
Norway spruce 2k, 9 2€.6 - 93.6 8
Bayberry 12.0 13.8 86,9 9
American basswood 18,7 23.7 79.2 10
Red maple 48.6 61.6 78.8% 11
Sweet gum 35.7 L8.9 73.1 12
Ginkgo 0.5 0.8 70,0 13
Pin oak 29.3 43.1 67.8 1k
Green ash 34,1 59.5 57. 4+ 15
Hybrid poplar k2,1 107.2 39.3+ 16
(saplirgs)
*  Average fram 1 to 10 replicales depending on species,
Significant @ P <,01.
Significant @ P <.05.
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TABLE 7. AVERAGE PEZRCENT STEM AREA INCREASE FOR 16 SPECIES ON LANDFILL
' _AND CONTROL PLOTS FOR 1979 GROWING aEAgON

Stem area Landfill Landfill
(7 ) as tolerance
Species Landfill - Control 4 control rank
Japanese yew 62.4 58.5 161,9+ 1
White pine 52,0 33.0 157.8+ 2
Red maple 121.8 85.9 141, 8+ 3
Bayberry 31.3 23.1 135.6 I
Honey locust k2.8 105.3 135.6 5
Hybrid poplar 130.3 10hL, 4 124.8 6
(rooted cuttings)
American basswond 78.9 . 6h,5 122.3 7
Pin oak 73.3 68,8 106.5 &
Norway spruce 29,5 4,5 95.1 9
Black pine 53.3 . 5T.5 92.7 10
Ginkgo 13.2 16.7 79.2, 1
American sycamore u8,1 62,k 77.2+ 12
Sweet ‘zum 62.C 85.2 72.7+ 13
Green 2sh 43,7 61.3 7L, 3+ 1k
Black gum : 41,2 70.0 58,9+ 15
Hybrid poplar 55.0 127.0 - L3,3+ 16
(saplings) :

* Percert increase fram March Lo Octcber from 1 to 10 replicates depending
on the species,

+ Significant @ P <,01.
Significant @ P <,05,

++

Assessing the ability ol each species to tolerate or adapt to the land-
f£ill enviromment by compiling growth data from the first four years of éxper-
imentation can be approached in several ways.

First, total shoot growth for each species on both plots was calculated
by totaling shoot length measurements for each replicate for the years 1976,
1977, 1978 and 1979. Average values for all replicates are presented in
Table 8, Each species was ranked in .order of relative tolerance to landfill
conditions on the basis of the ratio of values for landfill growth to those
of control. The highest values for total shoot growth on the landfill as
percent ¢f control were obtained for ginkgo (127.5%) and black gum (117.3%)
whereas, the lowest tallies corresponded to sweet gum and hybrid poplar sap-
lings.
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TABLE 8, - AVERAGE SHOOT LENGTH* FOR 16 SPECIES ON THE LANDFTLL AND CONTROL
PLOTS FROM 1976 THROUGH 1977 GROWING SEASON

Species Landfill Control Landfill as % Landfill
(em (cm) of control tolerance
rank+
Ginkgo 25,5 20.0 127.5 1
Black gum 92.9 19.2 117.3 2
Japanese yew 69,8 70.1 99.6 3
American sycamore 133,56 135.7 98.L N
Japanese black pine 83.8 $0.7 92.5 5
Hybrid poplar 320,6° 354,1 20.5 6
(rooted cuttings)
Bayberry 49,8 57.4 86.7 7
White pine 53.8 65.0 g2.7 8
Norway spruce 56.6 69.8 81.1 9
American basswood 52.0 67.6 76.2 10
Red maple 111.0 150. k4 73.8 1
I'in oak 77.2 115.8 66.7 12
Honey locust 135.6 217.7 62.3 13
Green ash 81,5 Lk Y 56.4 1L
Sweet gum 65.8 128.2 51.3 15
Hybrid poplar 76.0 331.5 22,9 16
(saplings)

¥ Each number is the sum of shoot length measurements from each living
replicate from the years 1976, 1977, 1978 and 1979 fram 1 to 10 replicates
per species, '

+ The lower the number, the more tolerant the species is to landfill
conditions, '

Secondly, average stem area increase from March 1977 to the end of 1979
vas computed for each species on both plots (Table 9). Each species was
ranked in order of relative tolerance to the landfill environment with the
highest rank given to that species which grew best on the landfill compared
to the control and the lowest rank corresponding to that specles which grow
poorest on the landfill compared to the control plot. The highest values for
stem increase on the landfill as percent on control were obtainea for
Japanese yew {176.2%) and white pine (133.0%) whereas, the lowest tallics
ccrresponded to hybrid poplar saplings (39.5%) and green ash (37.7%).
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TABLE O. PERCENT STEM CROSS-CECTION AKEA INCREASE® FOR 16 SPECIES FROM
MARCH 1977 THROUGH OCTOBFR 1979 ON THE LANDFILL AND CONTROL PLOTS

Species Landfill Control Lendfill as % Landfill
(<) (%) of control tolerance
rank
Japanese vow 188, 4 106,9 176.2 1
White pire 174, 0 130.8 133.0 2
Norway spruce - 164, 9 127.5 129.3 3
Black gui L1, 7 539.5 118.9 L
Japanese black pine 275.3 233.8 117.8 5
Aznerican basswood 55,5 153.4 107.6 6
Ginkge 25,8 22.9 86.3 7
Red maple 393.7 LE3. L 8L.0 8
Bayberry *:.3 119,0 80.9 9
American sycamore 1717 255,3 67.2 10
Pin oak 361.9 650.0 55.7 11
Honey locust 291, 4 620.9 46,9 12
SwWwect gum 207.7 731,6 L2,0 13
Hybria poplax 9,534.5 23,993.4 39.7 14
(rooted cuttings)
Hybrid poplar 295,0 1,165.8 39.5 15
(szplings)
Green ash 130.2 345.6 37.7 16

* Stem measurements from 1 to 10 replicates, depending on “he species.

+ The lower the number, the more tolerant the species is to landfill
conditions.

Thirdly, rank values Tfor <hoot growth during 1976, shoct and stem growth
in 1977 (both given in a previous reportl), shoot and stem growth during 1978
(Tables 4 and 5) and shoot and stem growth during 1979 (Tables 6 and 7) were
totaled for each ctpecies (Table 10), The values were aligned from lowest to
highest with the most tolerant species (Japanese yew) represented by the
lowest sum of tolerance ranks value and the species most sensitive to the
‘landfill enviroument (hyborid popiar saplings) at the bottam of the table
with the highest value, ' '

lEPA Publication 600/2-79-128. Adapting Woody Species and Planting
Techniques to Landfill Conditions.

32

e e, 4 - it B




TABLE 10, SUM OF LANDFILL TOLERANCE RANKS® FOR SHOUT AND STEM
MEASUREMENTS FROM 1976 THROUGH 1979

Species '~ Sum of tolerance Landfill
' rank values® © tolerance
Tank

Jananese yew : 37 1
Japanese black pine _ Lo 2
Black gum ' L5 3
Bayberry 45 3
Ginkgo L6 5
White pine L9 6
Norway spruce 50 7
Hybrid poplar (rooted cuttings) 50 7
American basswood 54 9
American sycamore 60 10
Red mapie ' €0 10
Honey locust T2 12
Pin oak 77 ' 13
Sweet gum . 83 1L
Green =ash ’ 87 15
Hybrid poplar (saplings) - 102 _ 16

* Fach nurver is the sum of that specles' rank in 7 rank lists relative to
the other species, The 7 rank lists are the following: stem area increase
measurements from 1977, 1978 and 1979, and shoot length measurements from
1976, 1977, 1978 and 1979.

+ The lower the number, the more tolerant the species is to landfill
conditions,

Finally, the Principal Axis Factor Method (Yarmen 1967) was used to
calculate average factor scores for each species on both plots (Table 11}).
The nature of this statistical procedure dictates that the final factor
scores must add up to zero, thus, the presence of negative numbers in the
table, The difference tetween the control and landfill plots was computed
for each specles. The species with the largest negative difference were
ranked as the most tolerant to the landfill environment because a negative
value indicated that growth was better on the la~dfill than on the control

lot. The specles with the largest positive difference (Hybrid poplar rooted
cuttings) was rated as least tolerant of the landfill soil enviromnment be-
cause growth on the landfill plot compared to the control was peoorer than any
other species,

The grand total of the landfill tolerance ranks for each specles com-
puted by summing the rank values from each of the above four methods of
analyzing the compiled growth data is presented in Table 12, This composite
ranking order identified black gum as the most landfill tolerant woody species
of those tested,
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TABLE 11. AVERAGE FACTOR SCORES™ FOR 16 SPECIES FROM DATA FROM 1276
THROUGH 1979 ON THE LANDFILL AND CONTROL PLOTS

_ —
Species ' ‘Landfill Control Difference Landfill
' (control-landfill)  tolerance
rank*
Black gum -0.02 -0,1k -0.12 1
Japancse black pine -0.23 -0.28 -0.05 2
Bayberry -0.65 -0.69 -0,0k 3
Ginkgo -1.08 -1.11 - -0.02 L
White pine -0.61 -0.¢3 -.02 5
American basswood -0.57 ~0,5u -0.03 6
Norway spruce -0.57 -0.50 -0,07 7
Japanese yew -0.43 -0.36 -0,07 8 |
Sweet gum 0.18 0.31 6,13 9 ;
American sycamore - 0.02 0.17 0.15 10 !
Red maple 0.15 0.53 0.38 11
Pin oak -0.22 0.36 0.58F 12
Hybrid poplar 0.12 0.71 0.59% 13 1
{saplings) , . i
Green ash -0.57 0.30 0.87+ 1L |
Honey locust 0.31 1.33 C1.0%% 15
Hybrid poplar 2.96 Lok 2.96% 15
(rooted cuttings) . 1
*  Principal Axis ractor Method was used “o calculate factor patterns and
factor scores for shoot and ctem data from 1976 through 1979.
+ The lower the number, the more tolerant the species is to landfill v,
conditions. '
T Ssignificant @ P <0.05.
'
TABLE 12, RELATIVE TOLERANCE OF 16 SP=ZCIES TO LANDFILL CONDITIONS*
Sum of land®ill
Species " tolerance rank values ]
Black gum (4, 8)7 -grA 10 1
Japanese yew (9, L) - 13
Japanese black pine {10, 9) - 1k
Ginkgo (7, 9) -S ' 17
White pine (10, 10) -S . 21 .
Bayberry (9, 9) - 23 \
Norway spruce (8, 8) -S 26
American basswood {9, 1C) -3 : 31
American sycamore (10, 10) -R 34
Red maple (9, 10) -I 41
Hybrid poplar (rooted cuttings) (10, 5) -R (continued)
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TABLE 12, {continued)

Sim of landfill

Species tolerance rank values
Pin oak (9, 10) =R ' : L8
Sweet gum {1, G) -R ' 51.
Honey locust (10, 10) -R ‘ 52
Green ach (10, 10) -R 59
Hybrid poplar (caplings) (z, 7) -R 60

* Tolerance wis established by totaling the landfiil tolecrance rank values
for each species from Tables 8, 9, 10 and 11,

+ Number of replicates living on the lund{ill and control plots resopectively
at the end or 1979.

A 'R=rapid growth rate, I=intermediate growth rat., S=siow growth rate,
N=data not available - fram Fowells (1G65).

The variation between trees in total choot irowth and percent stem
growth is represented for each species on both rlots by the coefficient of
variation (Tables 13-and 1k). This statistic expresses sample variability
relative to the mean of that sample by dividirg the standard deviation by
the mean value, There was less variability in ooth.choot and stem growth
among landfill tolerant species on the landfill than on the control. However
the variability amorg replicates of those speciles relatively sensitive to thae
landfill soil conditions, i.e,, those tcwards the bottam of Tables 13 and 1h,
was generally greater on the landfill than on the contiol plot,

Total shoo- growth and stem diameter increase are preccnted in Table 15
in. descending order from the highest growtn oa to the least amount of growth
on the landfill, According to this list, hytrii poplar (fram rooted cuttings)
was the best total growth species, and ginkgo the least total growth: species
for planting on camplcted landfill sites.

TABLE 13, COCFFICIENTS OF VARIATION* FOR TOTAL;EHOOT LENGTH
FROM 1976 THROUGH 1979 GF 15 SPECAIES Ol LANDFILL
AND CONTROL PLOTS

Species ' Landfill Control
Black gum 28.0 35.0
Japanese yew _ 24,0 33.6
Japanese black pine 23.6+ 30.7
Ginkgo . 0.0+ L.y
White pine 34,5 38.5
Bayberry 43,7 35.7
Norway spruce ' 31.7 39.3
{continued)
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“PABLE 13, (continucd)

Species Landfill Control
American tasswood 37.7 51.0
American sycamore 2¢.0 23.7
Fed maple : 33.1 32.8
Hybrid poplar (rooted zuttings) 22,8 17.8
Pin oak 29. 4 17.9
Sweet gum 0.0n4 9.0
Honey locust 25.0 20.9
Green-ash 39.0 18.0
Hybrid poplar (caplings) 31.2 19.1
= ——
* Coefficieat of variaticn = standar;aiﬁv1aclon X 100,
+ Species are listed from most tolera.t 4n least landfill tolerant as given h
in Table 12, i
x There was no variation in the data points. E
A Only one trec living 50 standard deviation = O, ?
1
x .
TABLE lh._ COEFFICIENTS OF VARIATION FOR PERCENT STEM INCREAST
FROM 1977 THRCUGH 1979 TOR 16 SPECIESY ON LANDFILL
ANL CONTROL PLUTS
S ie dfill Control
) pecies Landfi n A
Black gum Li,3 . Lo, 8
Japanese yew : © 38,8 55.0 :
~Japaness black pine . 5.1 55.1
Ginkgo 50.2 102.6 3
White pine ' 45, b 63.8 }
Bayberry 31.1 51.1 ’
Norway spruce 52.4 6.2
American basswood 29.6 57.8
American scycamore 230.9 Li.9
Re:’ maple 74.8 28.2
Hybrid poolar (rooted cuttings) 62.6 39.0 i
Pin oak 33.9 38.6 !
Sweet gum 0.0# k2.0 '
Honey locust 38.8 58.4
(;reen ash 41,5 T
Hy>rid poolar !saplings) 39..1 32.7
* Coefficient of Variation = Standa;%agev1at£g§ X 100,
L

+ Species arc listed from most tolerant to least landfill tolerant,

# Only one tree living so standard deviation = O,
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TABLE 15. TOTAL 5i00T LINGTH AND PERCEN™ STEM INCREASE® FOR 15
SPECIES ARRANGED IN DESCENDING ORDER OF VALUES FROM
1276-1979 ON TH: LANDFILL

Species Shoot longth’ Spacies Siem increace

(em) - A
Hybrid poplar 320.6 Hybrid poplar L 953k.5
(rooted cuttings) (cooted cuttings)
Honey locust 135.6 Black gum £h1.7
American sycamore 133.6 Fed maple 33,7
Red maple 1110 . Pin oak 361.9
Blact gum 9.2 Sweet gum 207.7
Japar -se black pine 33.8 Hybrid poplar . 295.C
: ' {naplings)
Green ash 31.5 Hone; locust, 201,k
¥in oak 77.2 Japanese black pine 275.3
Hybrid poplar 76.0 Japanese jow 183, 4
(saplings?®
Japanese yew 09.8 White pine 17k, 0
Sweet gum £5.8 American sycamore 171.7
Norway spruce 56,6 American ba:zwood 135.5
White pine 53.8 liorway srruc:? 1:b,9
American basswood 52.0 Jreen acn 32
Bayberry Lo, 8 Levbarry 26.3
Sinkgo 25.5 8

Ginkgo 5.

* Fach number is the sum of the average shoot length measurements from each
living replicate for the years 1976 through 1979.

+ Percent increase tfrom ifarch 1977 through 1976G.

Soil Measurcments

Measuremants of numerous soil varlables throughout tne study were made in
order to characterize the nature of the stress to which the plants were sub-
jected on the landfill plot ard to compare the values for these variables with
those in the control plot (Table 16). Mean CO, and CHL content and tempere-
ture were significantly greater (P<.0l) and O, and moisture content signifi-
cantly lower on the landfill plot than on the control plot. Concentrations
of COp and C on thé landfill plot were significantly higher at the deeper
soil depths, (i.=. 90 cm) than in surface layers and 0, readings were signif-
icantly lower at the 90 cm depth than at more shallow depths (Tatle 17), The
levels of all soil nutrients except zinc and manganese were lower on the
landfill plot than on the coatrol plot, but not significantly so.

Carbon dioxide, 02 and CHL coacentrations at the 20 cm <depth were all
highly correlated with each other during the period 1377 through 1979 (Table
13). Levels of each of the soil gases were also significantly correlated
with temperatures recorded at the 20 cm d2pth in the soil.
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TABLF 10, MEAN VALUES  FOR SOIL ViRIAB!™S ON LANDFILL
' AL CONTROL PLOT® IN 1978 AID 1979

Joil Veriable

Landfill plot

Control plot

1978 1T 1975 1779
Termperature °C 19.0p" 18. %o 17.7a 17.3a
7 Moisture content 8.05" 10.1b .20, 2be 12.2¢
Conductivity (1-2) 0.1 0.1 .1 0.1
Organic matter 1.8 .8 2.3 2.1
9 Zand 52.8 82,1 79.C 75:1
PH L5 €.1 4.5 5.9
1bs/A

‘g 27 62,3 114 1741
F 79 k7.7 : ¢ 1b1,1
X 123 105, 2L 135.0
Ca 178 1591 5€r7 203¢

NOR 29,7 16.7 8o 30.0
rmi 10 9.7 22 1L,

ppm

e 79 65,5 153 75.5
cu I 2.9 L7 3.9
Zn 7.5 5.4 4.3 7.7
Mn 19 1L, 2 17 31.5
3 0.30 0.24 0.25 0.29

* Samples collacted at the 20 cm depth,
mean of 32C readings.

Fach gas concentration value Is the

+ Row means follcwed by different letters are significantly different

at P<, 01,
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TABLE 17. SOIL GAS CONCENTRATIONL .)/RING 1978 AND 1979 AT TiE 20 cm ,

- 60 em™ AND 90 emt Driwids N YHE LANDFILL AND CONTHOL 1015

Soil ’ Landfill Contrcl

Depth Year
(em) ' %02 ico? ﬁCHh %02 .%cog <iy,
7

20 1978 18. 1" 3.8a 0.kba 20.Cb 1.7b 0.0z
1979 17.2b L, 1a O ba 13.5b 0.%a 0, 0a
60 1978 18,1t 5,70 1.5b 18, 2a 1.0b 0, 0a
1979 18.3b 8.7 1.7b 13, 8a 1.2b 0.Ca
20 1978 12.7a 2L, 3d 14,94 18, 3a 1.3b 0.Ca
1979 13.7a 22.1c 1kh,2¢c 18.%a 1.2b C.0a

* Values represant mean from L0 readings on the landfill plot and £0 rcad-
- ings on the control plot during 1978 ani 1%79.

+ Values represent mean from 120 readings on ithe landfill plot and LO read-
ingc on the control plost dwring 1978 and 1979,

Column means followzd by di:z'ferent letters are significantly difrerent
from each other 2 P<.0l.

S

#*
TABLE 18, CORRELATION AMONG SOIL GASES+ AND SOIL T=1iFERATUR:S
ON TH= LANDrILLL PLCT

Gas Carbon dicxide Methane Temperature
iy )/ E— pA -
Oxygen -0.987 -0. 95;1 -0.72;
Carbon dioxide - +0. 94" +0,72"
Methane . - _-— +0.71"

* Fach number represents the correlation coerficient (r) between the two
indicated soil parameters for data collected during 1977, 1978 and 1979.

Significant at P<0.0l.

+ Samples ¢ollected at the 20 cm depth, Each value was computed on GO
readings. '

Jariability around the mean COp, 02 and CH, concentrations was greater
in the landfill soil than in the control soil démonstrating that high levels .
were oceasionally recorded in the landfill soil (Figures 3, L and 5).

Soil pH values in.the landfill soil differed very little from levels in
the control soil (Figure 6). The pH dropped fram =a2pproximately 5.0 in 1977

to 4.5 in 1978 on both plots only to rise to 6.2 and 6.3 (control and land-
fill respectively) when the soil was amended wlth proper amounts of limestone,
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Figure 3, ‘Mean scil oxygen concentrations (% volume) at the 20-cm depth in :
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TABLE 19. SOIL VARIABLES WHICH CORRELATE WITH SHOOT AND STEM GROWTH
‘OF SPECIES IN THE LANDFILL SPECIES SCREENINCG EXPERIMENT”

Shoot Growth

Species . Soil Variables
Black pine + None .
American basswood M.C., B.D.,0,*M.C.,0,*B.D,
. 2

Ginkgo Nomne

Bayberry . None

Red maple . None

Japarese yew . None

American sycamore M.C.,B,D.,0.*M.C,,0,*B, D,
Hybrid poplar (rooted cuttings) . Néne 2
Black gum 02,B.D.,02*M.C‘
White pine . None

Pin oak’ None

Norwuy spruce ) ¢

Hybrid poplar (saplings) Nofle

Sweet gum : 02,M.C.,B.D.,02*M.C.,Oa*B,D
Honey locust Oz,m.c.,B.D ,Oz*M.C.,Oz*B.D.
Green ash None

Stem Growth

Black pine . None

-Bayberry None

Norway spruce : None

Ginkgo None

White pine None

Black gum ' : 02, M.C,
American basswood ) None

Hybrid poplar (rooted cuttings) None
" Red maple None

dybrid poplar (saplings) None

Sweet gum None

Sycamore None

Green ash 02,02*B.D.

Pin oak OQ*B.D.

Japanece yew . 02,M.C.,02*B.D.
Honey locust _ None

Species are arranged in deczcending order fram most tolerant of landfill
conditions to least tolerant,

M.C,=moisture content, B:D,=bulk density, O.=oxygen, 0 ¥ B.D, = _
product of O, level :and B.D., level, 02'*M.C. =product gf 02 level and
M.C. leveL.
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Mean soil moisture content on the landfill and cuatrnl plots from 1977
throughk 1979 is represented in Figure 7, Moisture content was cuncistently
lower in the landfill plot than in the control., Soil moisture was maintainc?
at adequate levels throughout 1979 by natural rainfall, Both plots were
frequontly irrigated during 1977 and 1978 in order to maintain moisture at

ievrels high enough to prevent plant drought injury.

in order tn investigate the erfects of soil environment on tree growth
a regression analysis was performed for shoot and stem growth for each of the
16 surviving species using soil 0o, moistuce content (1M.C,), bulk density
(B.D.) and the interactions of Op with M,C, and Op with B.D. as independent
variables (Table 19). The results of thesc -analyse: showed that soil para-
meters were more highly correlated with the intolerant species (those at the
bottam of Table 19) than with the more tolerant species (those at the top of
Table 19).

GAS-BARRIFR EXPLPIMENT

The following section reports on data collected from American basswood
+rees plented in the gas-barriers in 1976. Basswoods in the trench barrier
areus werz harvested in the spring cf 1978 and replaced with seedlings of
black gum, honey locust and pin oak,

Re. ative Viability of Plants

Six black gum, 5 pin oak and 3 honey locust trees died in the barrier
trenches and on landfill and non-landfill unmodified areas during 1378 and
1979 (Table 20),

TABLE 20. NUMBER OF DEAD TREES IN LANDFILL AND CONTROL GAS-BARRIER
TRENCHES AND IN UNMODIFIED LANDFILL AND CONTROL AREAS*

Species
Area Black gum Pin oak Honey locust Total
Control trench 1 1 1 3
Gravel/plastie/vents 1 1 0 2
trench _
Clay/vents trench 1 2 0 3
Cliay trench 1 1 0 2
Unmodified landfill area 1 0 1 2
Unmodified cuntrol area 1 0 1 _%_
Total 6 5 3 L

*  Six repllcates of each species were originally planted in each area in
Spring, 1978. :
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Relative Growth of Surviving Plants

In the surviving trees, black gum shoot growth was statistically cimilar
in all six experimental arceas during 1978; however, in 1979, shoot growth in
the gravel/plastic/vents trench war significantly greater than in any other
- orea (Table 21), Pin oak shoot growth was similar for all areas on the land-
f111 plot. The differences between the control trench and umnmodified control
area and between clay trench and urmodified control arca were significant =zt
P<.0l during 1978. No significant differences were identified for pin oak
shoot growth in 1979, Honey locust shoot growth during 1978 and 1979 was
significantly greater (P<,0l) in the gravel/plastic/vents trench than in all
other areas.

Shoot and stem measurements were collected from American basswood and
Japanese yew on the two landfill mounds, the control mouni and on the
unmodified landfill and control areas to determine if the growth of woody
plants in mounded soil areas would be better than in unmounded ar=zas (Table
22). American basswnod growth was significantly iumproved in the landfill
mound lined with a 30 ecm (12 in} clay barrier over that in the unmodified
landfill area during the first three years of the study period (197€-1978).
During 1978, shoot and stem growth of yew in the clay-lined mound and stem
growth in the unlined mound was significantly greater than in the unmodified
landfill area but not in 1979. :

Soil Vvariables

Soil COp and CH), concentrations in the clay/vents trench were signif-
icantly higher and Op significantly lower than in the control trench (Table
23). Soil moisture in the three landfill trenches was significantly lower
than in the control trench (Table 23).

The mcs3t striking nutrient difference among areas was the low avzilable
phosphorus, high I'H), and high Fe in the clay/vents campared to the other
three areas. Cu, Zn and Mn content were also highest in the clay/vents
trencn.

Basswood Growth Parameters

Measurements v. four growth parameters fcr the nine gas-barrier areas
during 1977 are shuwn in Table 24, Basswood root bicmass, tasal stem area
increase and shoot length in the wimodified landfill area were significantly
reduced compared to the unmodified control; however, there was no signifi-
cant difference among areas for leaf weight. Basswood growth was also
significantly reduced (P<,0l) on the landfill mound and landfill clay mound
compared to control mound for each of the four growth parameters, Root
biarass in the threc landfill trenches was not significantly reduced (P<,Ol)
below that in the control trench; however, for the other three parameters,
growth was less in the clay/vents trench, unchanged in the clay trench and
significantly higher (P<,0l) in the gravel/plastic/vents trench campared to
the contrcl trench,

growth on the landfill mounds and trenches was also compared with that

k7

hte o et =




8h

TABLE 21.  MEAN SHOOT LENGTH (em) FOR TREES TN EACH GAS-BARRIER TRENCH AND UNMODIFIED
AREA I'CR 1978 AND 1979

. Species
Area Black éum Pin oak Honey locust
1978 1979 1978 1979 1978 1979
Control trench 12,08 25.1a 9.8a 13.2a 30.9a 70.1a
Gravel/plastic/ 9.2a. 52.1b 13.6ab 20.6a 91.%b 135,9¢
vents trench .
Clay/vents treuch - 10.3e 26, 2a. 13.3ab 2k, 3a 36.%a 73.1a
Clay trench 10.5a 28,9a 11.5a 1¢,0a’ 25.2a £3.6a
Unmodified 1l.2a 22.3a 18.1b 25, 6a 38.6a 118.4b
concrol area +

Urmod . fied 13.0a 23,5%a 15.5ab 17.8a ——— 70.€Ca

landfill area

*  Column means followed by different letters are significantly diff“rent-from each other @ P<,0L,
1 All shoots were destroyed by rabbits.
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SHOOT LENGTH AND PrRCFNT STEM AREA INCREASE FOR AMERICAN BASSWOOD AITD JAPANESE YEW ON

TABLE 22,
LANDFILL AND CONTROL MOUNDS AND UNMOD:FIED ARFAS DURING THL YEARS 1976 THROUGH 1979
1976 1977 1978 1979
Shoot Stem Shoot .Stem- Shoot Stenm Shoot Stem
Length Increase Length Increase Leng-h Increase Length Increase
Areu Cpecies (cm) (% (em) (%) (er) () (cm) (%)
Uumodified Jap.Yew ~ 1il.9 - 20,0 2h.o ik.5 50.2 2C.0 38.5
Control Basswood 19,3 - "17.2 50,0 8.4 27.2 23.7 £L.5
Unmodified Jap.Yew 12.7 - 5.5 . Ls.0 13.2 22.4 2k, 9 52.k
Lendfill Basswood 18,9 - 9.7 - 26,8 9.1 26.4 18,7 78.9
Control Jap.Yew 12,7 - L7 -37.0 1.8 20.1 2l.2 k2.7
Mound Basswood  19.0 - 17.0 30.0 26.1 32.1, 29.9 Li,2
Landfill Jap.Yew 17.5 - L7 14,0 17.2, 51.72 18.7 61.1
Mound Dasswood  27,9% - 16,9 31.3 29.1, 29.1 2l.2 59.1
Landfill Jap.Yew 18.0 - 7.0, 26.2, 2b.1 L1.6, 27.7 49.8
Clay - Basswood  30,9* - 21,6 60,0 31.2 32.8" 23.5 7h.
Mound

* Stem measurements wére not collected during 1976,

+ Significantly different from unmodified landfill area 2 P<,0l.
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TARIZ 23.  MEAI! SOIL VAK ABLE VALUES Il EACH GAS-BAREILR TRENCH DURING 1978
AL 1979
Gravel/plastic Clay/vents
Contrcl. vents vents Clay
Soil trcench trench trench . trench
variable 1978 1979 1978 3979 1978 1979 1978 1979
9, 0o 20.1a" 20, 0a 19.k4b 19.2a 17.1b 17,15 19.6a 18.21a
% co, 1.2 1.0p 1.bb 1.90 . 8a S5.ha 2,1b 1.9b
9 CH, 0.0 0. Oa 0.0c 0.0a 4. B¢ 2. Le 1.2b 0.8b
9. Moisture content 10.1 12.1b 8.7a g.2a 9,2a 10.1a 8.9a 10, 0a
Conductivity < 0,10 0.1¢ < 0.10 0.10 < 0,10 0.10 < 0.0 0.10
7, Organic natter 3.2 3.1 2.5 2.9 3.1 3.0 . 2.7 3.1
p b7 5.8 Lo 5.9 5.3 6.1 5.3 6.1
lbs/A )
Mg 51 6,2 50 49 59 60 37 98
P 121 141 115 118 15 75 203 191
K 122 121 155 12k 83 28 110 121
Ca 205 891 134 610 223 8Ll 178 716
No3 17 16 13 15 9 12 L 17
NHj, 19 19 8 1z L8 50 12 21
ppm _
Fe 82 91 70 72 210 121 51 €0
Cu 4,8 - L.3 “.5 L.8 5.6 5.2 3.8 5.2
Zn 5.2 5,2 5.5 6.2 6.0 6.0 5.4 5.1
Mn 17.9 16.1 18,0 19,1 26,0 25.0 13.5 19,2
b o.u8 0.21 0.63 0.51 0.32 0.4y 0.57 0,52

* Values are average of 20 readings collected at the 20 cm depth from late April thru mid-S-:ptember,

+ Row means tollowed by different letters are significantly di.terent at P<,01,




TABLE 2k, MEAN VALUES FOR AMERICAN BASSYWOOD GROWIH PARAMETEKS I[N GAS-BARRIER ATRTAS PURILG 1977

16

Stem Leaf .
Root biomass areca weight Shoot length
Aroe, (m) (¢ incrcase ) (g) (cm)
Unmoditied control 18652b" 50.0c 1.21b 118, 6¢
Unmodified landfill Y'f2a 26,8b 1.01b 2.7To
Control mound 2838b 76.64 .7 e 3h.5¢
Landfill mourd £22a 31.3b 1.9 ¢ 1¢.9e
Tandfill clay mound 9302 €0.0c 3.4 d 21.6¢
Control trench 190l1lab 30.0b 2.0J ¢ 13,3¢
Landfill clay trench 10698+ 23.9b 2,2lc 1L, 2¢cd
‘Landfill clay/vents 15350+ 0.0a 0.0z2a 16,8a -
“rench
Landf11) gravel/plastic/ 300a 73.3d 4,0 d 22, 8¢

vents trench

+ *

++

% increace from March to Scptember,

Only one of the original six trees was alive at the end I 1377,

Colurnn means followed by dirferent letters are significantl, different & P<,0l.,-




on thce uwnmodified landi{ill axrea, thus allowing for an assccoment of the
ability of each of th::ze five areac to prormote oetter growth then the unmodi-
fiecd lanafill., Norc of the trces in the five gas-barrier areu:'produCed
signitricantly morz root biamass than in the unmodified landrill area, On the
otiier hand, both the clay mound and gravel/plas,ic/vcnts ~rench produced sig-
nificantly more stem areca, leaf weight. and chool length than did the unmodi-
fied area, The landfill mounc and clzy trench produczd greatoer leaf weight
and shoot length, dbut similar stem area increace compared with the unmczified
landfill area. Basswood growing in the clay/vents trench rroduced signifi-
czatly less stum inerease ieafl weight or shoot length thuan in any other area,

folijar Nutrient Uptake By Aner!coan Bucswocd

Arerican btarswood leaf mineral corntent in the sas-barrier areac is
given in Table 25, Mineral content orf thez fuliage of trees from the wunodi-
fied landfill area for seven of the eight elements (niirogen, votaszium,
megnesium, calcium, manganese, zinc and copper) was similar to that in the
unroditied control arca, Iron alone was cignificantly highcr (F<,05) in
content on the control plot., ilitrogen, calcium, manganese, zinc and copper
cantents did not differ cigniiicantly (+<.C5} aong the two landfill moundc
and the control mound, However, the potacsium conten® for trces was lower
in the Xandfill mound and th~ iron conicnu on the landfill mound and landfill-
clzy mournd, higher than for trees on the control mound.

The most ctriking feature of the mineral content data was that .merican
basswood foliagz in the clay/vents trench contained sicnificantly (7<,05)
more magnosium'and iron and sigrificantly less nitrogen, potassium and manga-
nese than did any other area including the control trench. The zirc concen-
tration in the clay/vents trench did not differ zignificantly however, fram
those in any other trench., The nitroigen and potasnsiurm contents in the clay
ena gravel/plastic/vents trenches wee cignificantly higher than in the
control trench; however, no differences were dctected Tor zinc and copper.
Magnezium and calcium contents were lower for the clay trench and similar Tor
the grvvel/plastic/vents trench when ~ompared to the control trench.

The increcsed ability or American basswoods growing in the landfill
mounds and trenches to accumulate nutrients compared to unmodified conditions,
can be zciessed by camparing tiscue element content in the trenches and
mounds with contents in the unmodified landfill area (Table 25). The differ-
ences between the two landfiil mounds end unmodified landfill area for
potassiur, calcium,zinc and copger were insignificent (F<.05) but the nitro-
ger cortent in both mounds was significantly greater than in the unmodified
area, Although tissue magnesium content in the two rounds differed very
little from that in <he unmodified area, the clay mound contuined signifi-
cantly nore magnesium than did the landfill mound and the unmodified area.
American basswood contained a higher iron content in the landfill mound than
in the unrndified area, but trees from the clay mound did not. The iron,
zine and copper contents in the clay and gravel/vents trenchec did not signif-
icantly (P<,05) differ from thosc in the unmodified landfill area; however,
nitrogen and potassium contents were increased significantly over the unmodi-
fied arca in both trenches, Although the difference was very small, the
magnesium content of American basswoods in the gravel/plastic/vents trench
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TABLE 25,  MINERAL ~LEMENT CONTENT OF AMIBICAIl BASSWOIUD LEAF TISSUSS IN GAS-BARRIER ARVAS
N K Mg Ca “n Fe o Cu
Arce ¢ (X500C ppm)  (X5000 ppm) (¥5000 ppm) (X500 ppm) (X200 ppm) (¥500 ppm) (X200 ppm)
Unmodified 3.13b°  2.91c 0.%la 2.7c 5, 2ed €. hba 1.58a 0.71a
con.trol .
UnniodiFied 3.17b 2,71be 0,92 2,.79¢ 6, 20cd 5.93bc 1.L8a 0.77a
landfill ' '
Control 3.€1lc 3.03cd 0.932 2.95¢ 6. L8d L €3a 1.80%a 0.76a
mound
Landfill 3.51c 2.00b C.95a 2.77¢ G, 55d £.L8a 1.8ka ¢, B86ab
mound
Landfill 3.98¢ 2,822 . 1.00b 2.85¢ 6.73d 5.93be 1.65a 0.78a
clay mound
Control trench 3.18b 1.02b 2.52be 2.u%b 5,7Cb 1.232 0.81ab
Landfill clay 3.7t c 5. 20d 0.89%a 2.08a 3. L2b 5.85be 1.58a 0.7Ca
trench
Landfill claz./ 2.{0a  2,13a 1.16c 1.77a 1.1%a 7.G0¢ 1.58a 0.8%%
vents trench
Tandfill 3.53¢ 3.374 1,00b 2, 48bc 5.75cd 6, 2Ged 1,1ka 0.7%
gravel/plastic

vento trench

fach nurber is the mean of six replicate trec:o.

olumn means with diffcerent letters arc significantly different @ 1<, (5,

—
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was significantly gfeater than tha-. »>f trces in the landfill unmodified arvea.

Total mineral element.uptake per branch was calculated for each tree and
averzred for each cxperimental area ‘Table 2€). The unnodified control area
did not differ from the unmodified landfill scrcening area for any of the
eight elerments, In th: landfill mound and landfill clay mound, American
basswood accummtlated lec: of every clement than did trees on the control
mouncd, =~ The relative nuirient accumulation by American basswocd among the
four trenches was identical for cach nutrizsnt, i.e. the trees in the clay/
vents trench accumulated less, thcse in the clay trench accumulated approxi-
mately the came and those in the gravel/plastic/vents trench accumulated more
of each element than the control trench (Table 26).

Total accunula‘ion per branch for each landfill barrier area was com-
pared with the waiodified landfill orca, The landfill mound and clay itrench
mineral element values did not diffeur significantly fran ihe unmodified land-
fill screening arca for any elcment cxcept copper, which was significantly
grzater \F<,05) in these two arcas than in the unmoaified area, Trees in the
landfill clay mound and gravel/plastic/v:nts trench accumula“ed significantly
more of every clement than did those in the unmodified area. On the other
hand, total element uptake per branch for trees in the clay/vents trench was
significantly lower than for those in the urmodified landfill area, exceptl
for copper which did not differ significantly (P<.05) from the screening
area,

Soil Gas, Temperature, Moisture Content and Bulk Density Analyses

The coil oxygen and moisture contents on the unmodified Iandfill plot
during 1977 were significantly reduced (:~,0l) when compared to the control
plot (Table 27). OCn the other hend, carbon dioxide, methane and soil lempecr-
ature werce significantly increased in the unmodified laadfill plot., There
was little difference in bulk density of two soils, The two landfill mounds
did not Jaitffer from the contrel mound in any of the soil parameters except
for soil mcisture, which was significantly reduced on both landfill mounds.

The 02 content was 51gn1f1cantly lower and the COp and CHL4 contents
significantly higher in the clay trench and clay/vents trench than in the
control trench. Soil temperature in the clay/vents and gravel trenches was
significantly higher than in the control trench; whereas, bulk density was
lower in the clay/vents and 5ravel/plast1c/vents trenches. foil bulk density
in siie clay trench was not significantly lower in the clay trench and gravel/
plastic/vents trench campared to the control, however, moistiure content in
clay/vents trench was not significantly different fram the control trench,

Soil Nutrient Analyses

The average nitrate (NOé), ammonium (NH;) nitrogen, potassium and man-
ganese content ir earch area are given 1n Table 28 for samples ccllected on
two separate dat-. in 1977. The NO:NH™ ratios in June were relatively
similar for .11 areas; however, by gctooer, the NO, NH& ratio in the clay/
vents tr.nch w s about half that in any other area either on the landfill or
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TABLE 20. TOTAL AMERICAN BASSWOOD UPTAKE OF MINERAL ELEMEHTS PER BRANCH IN NINE LXPERIMENTAL PFREAS

plastic,/vents
trench

Mn - Fe K Mg Ca Zn Cu . N
Area (mg)  (XhOC wg)  (X10 mg)  (X10 mg)  (X10 mg) (mg) (LOO ug) (X100 mg)
Unmodi fied €.80°  7.50 3,Lb 1.1b 3.1b 1.8vca 0.8a 3. 6be
control )
* Unmoditied £.2b - 5.9b 2.7 0.9b 2.9b 1.5bc 0.7a 3. 2be
tarciraill ’ -
Control mound 45,64 32.6e 21. 3e £.5e 20, 8d 13.3f 5.ke 25, 4Lt
Landrill 12,60 12, 3be L ove 1.8bc 5. 3be 3. Scde 1.Cke 6.%bed
mound
Landfill clay 22.9c¢ 20.2¢d 9.6cd 2. khed 0,7c 5.6¢ 2.6ed 11.5de
mound
Coutrol trench 6,7 1C.5be 4, rhe 2.0be J.0be 2.2bed 1.5bc 5. 9bed
Landfill clay 7.6b 12.8be 7.1be 2.0bc L, 5 3.5cde L1.oua T.oed
trench .
Landfill clay/ 0.3a 1. Gz 0.ka 0.2a 0.ka C.3a 0.z2a 0.7a
vents trench .
Landrill 23.7¢ 2k, bae 13, hde 3.9d 9, 9¢ L. 5e 3.1d 1k, Oe
gravel/

*  Uptake =~ brauch = Average weight of leaves per branch X mineratl concentration {ppm!,

+ Column mcans with difTcrent letters are significantly different ' I, 05,

——— y —————
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TABLE 27. LEVELS  OF S01L GAZES, TEMPERATURE, SOIL MOISTURE AND BULK DEZ'SI’I‘Y+
IN TiE GAU-BARRIER ARFAS DURING 1977
02 CG, CHh Temperature Soil - Bulk
- : moisture density
Area (%) (%) (%) (°F) (% dry wt.) (g/cc)
Unmodified control l9.7d# l.2a 0.0a CL, 3a 11.04 1.32b
Unmodified lanafill 17.8¢c 5.5b 0.9b €€, 3b 8.1b 1.85b
Control mound 19.kLd l.2a 0.0a €h.la 10.7d 1.LSa
Landfill mound 20.3d 0.8a 0.0a Ch,3a 7.3a 1.33a
Landfill clay mound 20.3d 0.8a 0.0z Cb, 3a 7.5a 1,Uka
Control trench 19.6d 1.2 0.0a 63.2a 10.5d 1.72b
Landfill clay trench 16, 3b 7.0b -C.Mo (5, 2ab. 8.Lb 1.670
Landfill clay/vents L, 3a 22,8c 11.8¢ 1C.72 11,0d 1.41a
trench '
Landfill gravel/ 19.84 1. 3a 0.0a 70.1c v, 0¢ 2%
plastic/vents
trencn ’
*  Lach value is the average of 30 individual measurements,
+ Lulk density was measured once in mid-summer al the same points gas samples were collected.
# Column means followed by different let’ers arc significantly different @ P<,01.
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TABLE 28.  LEVELS OF SELECTED NUTRIENTS TI! EACH OF "HE GAS-BARRIER AREAS (1977)
- + -
NO3:NHh .
U, NH) K Mn
] 4 .
(ppm) (ppm) Ratio {ppm) (ppm)
June  Oct, June Oct, June Oct, June Oct. June Oct,
Cor.trol 52 29 262 1 0. 20 2.6 173 10k 85 21
Landfill 33 14 185 5 0.18 2,3 178 69 L1 6
Control vy Lo 280 11 0.2h 3.8 200+ 102 77.5 1h
mound .
Landfill 28 7 290 2 0.10 ] 200+ 92 50 8.5
mound
Landfill clay 23 20 170 8 0.1k 2,8 177 119 72.5 11
mound
Control trench 31 15 180 3 0.17 5.0 192 95 Ly 12.5
Landfill clay 25 ¢ 1ho 2 0.18 3.0 192 8L 50 6
trench ’
Landfill clay/ 30 6 198 G 0.15 1.0 168 £z - 55 L5
vents trench - '
Landfill gravel/ 60 10 310 L 0.19 2.5 200+ 80 90 6.5

plastic/vents
trench

* Oince each nutrient was measurcd once in each aree on each date, statistical analysis was not

poesible,

ahanesd i



control plot., There were.no other discernable =oil nutrient trends other
than a small decrease from June to October in the manganese concentration of
the clay/vents trench comparcd to a relatively large decrease in all other
areas, resulting in a high manganese (LS ppm) concentration by Cctobzr in the
clay/vents trench (Table 28). :

$0il bulk density and root biomass were both correlated with tree nutri-
ent uptake in the nine barrier areas {Table 23). Zince root biomass is ap-
varently influenced by landfill scil conditions and root biomass is positive-
iy correlaled with total nutrient uptake, then the efficiency with which the
100t system accumulates nutrients may be azsessid by cnalyzing tolal nutrient
untake ditferences between areas after removing the linear effect of root
biomass on ruirient uptuke. If the effects of bulk density and root biomass
on nutrient uptake are removed vy analysis of covariance,. the efficiency -of
Jutrient acecumulation can be evaluated since the linear relationship of root
biorass and tulk density with nutrient accumulation/branch is removed. After
adjusting the eight nutrient means in each area for these two effects (Table
30), nutrient accumulation in thc gravcl/plastic/vents trench and clay mound
was no longer significantly greater than ithat in the experimental screening
area as it was with tne unadjusted means (Table 28)., Therefore, basswoods in
fourr o the five gas-barrier areas (both mounds, gravel trench, clay trench)
have accumulated eight nutrient elements as efficiently as those in the
unmodified landfill and unmodified control areas (Table 30). However, nutri-
ent accumulaticn efficiency was severely reduced in the clay/vents trench
where the landfill gas ~oncentration was cignificantly greater than in any of
the above areas (Table 30).

TABLE 29, CORRELATION CORFFICIENTS OF ROOT 3TQMASS ANDISOIL
BULK DENSITY WITH TOTAL HUTRIENT UPTAKE FOR FIGHT
NUTRIEANTS Iii AMERICAN BAS3SWOOD LEAF T1SSUE

Tissue nutrient Root biomass . Bulk density
Mmoo 0,657 -0.4€F
Fe . 0.59, _ -0.Lut
K : 0,65 -0. hsf
Vg . 0.79, -o.hhi
Ca 0.72+ -0.L7%
Zn 0.75 -0.51%
Cu 0.69: -0.49% .
N 0.69 _ -0.L4t

Significant @ P<,01.

¥ Significant @ P<.05.
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TABLE 30. AMIRTCAN BASSWOOD FLEMENT UPTAKE PER BRANCH  FOR EIGHT NUTRIENTS IN NINE EXPERTMENTAL AREAS
ADJUSTED FOR BULK DENSITY AND ROOT BIOMASS

Mutrient
Mn Fe K Mg Ca Zn Cu Yy
Area (mg)  (X40C vg) (X210 mg) (X0 mg) (X10 mg) (re) (x400 mg) (X100 mg)

Unmodified 17.5b 16, 7cb 8.3b 2.6be 8,1b - L.6p 2.lp 9.5b

landfill
Unmoditied 1L, 7o 1.51cb 7.2b 2.2be 6.7o 3.9b 2.0b 7.90

control :
Gravel/plastic 1L, 6b 15.9cb 8.9 2,6be 5.7u 2.1b 1.8b 9.1b

w vents trench .

O Cle;/vents trench 3.3a 0.la 1.3a 0. 3a 1l.2a 0.6a 0.3a 1l.2a
Cluy trench 11.5b 16.6cb 9.0b 2,6be &.bp 4, 5o 2.5b 9, 5b
No-clay 10.3b 5.3b L, Lo 2,lab 2.0b 1.6b - 0.%ab 2.7b

mound
Clay mound 19.1b 16.Cch 7.7b 2.8¢ 5.0b L. €b 2,1v 9,3b
Control 38, éc 26,22 1i7.8c 5.k4d 17.5¢ 11.3c L, sc 21.3c
mound . ’
Control trench 11,8b 15.5¢cb 7.2b 2,8c 7.4b 3.6b 2.2b 8.7

* Column means followed by diffeerent letters are significantly different from one anotner at P<,01.
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EFFECT OF PLANTING STOCK SIZE ON SPECIES ADAPTABILITY TO LANDFILLS

In order to evaluate the effect of original size of woody vegetation at
the time of planting on landfill tolerancc, shoot growth on small (1i-2' (30-
¢ em) tall) and large (6-10' (180-300 cm) tull) replicates of rive species
was measured on trees in the iandfill and control plotc (Table 31). Shoot
growth o small pin nak, green ash, sugar maple and hybrid poplar (rooted
cuttings) wac not statistically lower on the larndfill plol than on the
control. Converscly, shoot growth of the largc replicates of the:te same four
species was signilficantly less on the landfill than in the contrecl plot,
This relationship was reversed for one specics, honey locust. The large
reoplicates exhibited no shoot growth difference between plots; whereas, shoot
growth of the small trees was significantly lower on the landfill than on the
control,

TABLE 31. TOTAL SHOOT_GROWQH' OF_SHA.LL+ ANDLARGE PIN OAK, GREEN ASH
HONEY LOCUST, SUGAR MAPLL AND '"YBRID POPLAR ON LANDFILL AND
CONTROL PLOTS DURING 1978 AND 1979

Landfill - Countrol Tandfill as Significance
Species Size (em) (em) 7 control levelf
Fin oak Small 23.3 L3.7 7¢.2 H. 5.
Large 52.0 82.5 £3.0 .08
Green ach Jmall 6L, 6 95,2 £7.8 N.S.
Large Ly, 3 100.1 L, 2 .01
Honey locust Small 70.6 157.0 Ls,0 .01
Large 119.4 146,56 81.k N.3.
Sugar maplc Small 23.8 34,8 3. h N.S.
Large 15.7 3k,5 bs.5 .05
Hyorid poplar Small 203.5 219.2 g2.8 N.S.
Lerge 83.3 210.7 39.5 .01

* Total shuot growth=shoot growth during 1978 plus shoot growth during 1979.

+ Six small-sizea trees and ten large sized trees of each specie. were
originally planted on‘each plot.

# Comparirg landfill plot mean with control plot mean., N.S.=not significant
@ F<,10, number indicate significance level,
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EFFECT OF BALLED AND BURLAPPFD VS. BARE-ROOT CONDIYION ON GROWTH OF SUCAR
MAPLES o

Shoot growth ‘of talled and burlapped sugar maples on the landfill plot
was similar to growth on the e¢ontrol plot; however, growth of bare-rooted
trees was significantly lower (P<.05) on.the landfill than on the control
plot (7able 32). 1In addition, shoot grow-h of the ballea and burlapped
maples on the landfill plot was significaatly greater tnan that of the bare-
rooted maples; whereas, growth of the two types of trees was statistically

similar on the control, -

" .
TABLE 32, MEAN SHOOT LENGTH FOR BALLED AND BURLAPYED AND BARE-
' ROOTED SUGAR MAPLES ON LANDFILL AND CONTROL PLOTS

' Landfill as
Root Landfill Control 4 control®
Treatment 1978 1979 1978  197¢ (%)
Balled and - 9,2 22.3 8.2 22.1 10k H.S,
burlapped
Bare-rooted L,g9 10.8 10,1 22.h4 L6

% FEach value is the mean for six shoots mecasured on each of five treecz,

+ Percentage was calculated from the total shoot length computed ars 1978
growth plus 1979 growth,

++

Differences significant at P<,01,

EFFECTS OF IRRIGATION ON SUGAR MAPLE GROWTH

Soil Parameters

Carbon dioxide concentrations (Tatle 33) were significantly higher
(P<0.01) in the landfill plot (2.1% to 8.1%) than in the control (1,27 to
1.89) during the 1978 and 1979 growing seasons. Oxygen concentrations varied
from 15,8% to 18.1% in the landfill plot and from 19.2% to 20.1% in the
control, resulting in a sign‘ficantly lower oxygen content in the landfill
(mean from irrigated and non-irrigated arcas) (17.0%) than in the control
{mcan from irrigated and non-irrigated areas) (19,3%). Methane was not
detected in either of the plots,

Gas readings in the irrigated and non-irrigated control areas and
landrill irrigated area were alike within each trea-ment area throughout the
sumacr, However, within the landfill non-irrigated area, the carbon dioxide
readings were consistantly higher and oxygen consistantly lower in the south-
ern zampling point than in the northern gas sampling station.
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TABLE 33. AVERAGE CARBCN DIOXIDE AND OXY5iIl CGHCENTRATIONS IN
LANDFILL AND CONTRC{. IRRIGATEL Al [ON-TIRKIGATED AREAS

Landfill Control
Arez Gas Year MNorth South Torth Touth
______________ S
Irrigated
: 0, 1978 17.& 17.9 19.7 19.8
1979 5.1 17.9 . 2o 1 20.0
Mean 17.9 " 15.9
CO2 1978 2.4 2.1 1.k 1.7
1379 3.4 2.4 1.2 1.5
Mean 2.5 1.4
Non-Irrigated .
0, 1978 16,6 15.8 19.8 19.2
1979 16.4 15,8 20.1 19.9 -
Mean 16.2 19.7
€O, 1978 2.8 7.6 1.8 1.3
1979 3.k 8.1 1.3 1.4
Mean . 5.5 1.4

* Fach average was calculated from 12 readings at 20 cm (2-8 in) deep
sampling lccations totaling 2L readings.

Soil temperatures during the swummers of 1078 and 1979 were statistically
higher (P<,0.L) on the landfill irrigated (19.3°C (&C.7°F) Y and landfill
non-irrigated (19.L°C (96,9°7) ) plots than in the control (13,2°C (ck,7°F
but there were no other differences /Table 3L},

Soil moisture was significantiy lower than in the control plot (Table 35)
throughout both summers. Irrigating the landfill and control areas signifi-
cantly increased soil .:oisture compared to the non-irrigated areas during
1978, but not during 1979. The increase was similar for botkh the landfill
and control plots, '

Soil nutrient levels in each of the four areas (Table 36) were similar
for most elements except that in the control irrigated piot the calcium was
considerably lower and the iron was much higher than in the other tnree
treatment areas., Tae magnesium content in the control non-irrigated area
was also much higher than in the other three areas,
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. * .
TABLE 35. SOIL MOISTURE IN NDFILL AND CONTRCL IRRIGATED

AND NON-IRRIGATLD AREAL

Landfil . Control
Area . 1978 1979 B 1478 1972
___________________ e rmcm e mmcecmmm——————
Irrigated 9.kn" 10. Yoc 11.lcd 12.0d
Non-Irrigated 7. 1la a.3b 3.8b 11.1lcd
Mean 8.3 . 9.7 . 1¢.5 11.5

* 50il moisture on a % dry weight basis., Each value was computed from 12

-~

meisture readings at 3 samples lccations totaling 3¢ readings.

+ DNumbers followed by different letters are significantly different from

each other 2 Ix,01,

*
TABLE 36, SOIL KUTRILNT VALUES IN LANDFILL ASID CONTROL TIRRIGATED AIID NON-

IRRIGATED ARSAZ IN OCTOBER 1978

Control

Landfill
Irrigated tfon-Irrigated Irrigated Non-Irrigated
.......................... (ppm\, B R R R
witrate 3 9 18 9
Litrogen
Armoniun 12 12 - 16 12
littrogen
Fhospiiorus 31 19 17 12
Potassium 23 35 &5 118
Magnzsium 20 30 20 95
Calcium 13k 2c7 €2 267
Boron 0.€3 0.58 0, 50 0.L7
Copper 5.5 2.5 4.5 3.5
Manganese 30.¢C 18.0 23.0 L4, 0
Iron £1.0 55.0 300.0 51.0
Zinc 10.0 3.5 3.6 6.5
Texture Sandy Lozn Sandy .Sandy Sandy Loam/
Loary Sand Loan Loam Sandy Clay Loam

*  Values are the mean fro: 2 samples taken from each plot on one sarpling

day in Uctober 1978,
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Tree Growth

Shoot growth o sugar maples on the control wa:r significantly greater
"than on the landfill plot during 1978 and 1379 (Table 37). Growth wac reduced
on the non-irrigated areas of both plots, iLiic aiflerenct was stalisticallrs
signifizant.only on the landfiil in 1979. Lespite the nonsignificance during
1978, the average adbzolute reduction in choot grewtn in non-irrigated vs.
irrigated areas on tre landfill-'plot was more than twice that on the control,

3

v
TABLE 37. MEAN SHOOT L:TICTH  OF CUGAR MATLES I LALDYILL

AND CONTROL IRRIGATHD ALD NON-IRRIGATLD ARIAS

randfill . Tontrol B
Area 1973 1575 1973 15,
------------------ (&3 W e
Irrigated 10.2a" 20, 1d 12,80 ol Ge
Non-
Irrigated 7. 0a 15. ke 12.4% .23, 2e

+ Each value was computec rIrorm nmeasurem:onts on 20 trees.

Thirty 2-year old seedling were originally planted ir 2uch =7 L-areas:
landfill and control irrigated ard non-erlréfpl area..

Y values followed by ditferent letters are “lEnl'lhantl iirferent at i<,Cl,

Sugar maples growing on the landfill plot nroduced significantiy (B<.01)
fewer nodes and, therefore, fewer lvaveo/shoot tian those on the control plot
(Table 3%). irrigating Jdid not signiricantly ircrease the number of leaves/
shoot on either plot,

TABLT, 20, TULBER Y 0TS PER GHCOT Ol SUGAR AA"T" o7 ZANDFILL
GA

AL CoLTx0OL IRRICATED AIDD HON-IRRIGCATED AREAZ
Landfill plot Control plot
Area 1278 1679 - 1973 1979
. slo,
Trrigated 3.22an 3.31v 3.32b L, 8
Gon-Irrigated 2,8% 3.35b 3.5%Cb L, 72¢
Moan 3.1 3.3 CI T . 4.8
2.2 L, 10+

#+ Values followed by different letters are statistically dlfferent I <, 01.

1 Significantly greater than landfill plot 2 5<,Cf.

wa o i e -
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Average lear dry wei.nt sugar maples was scignificantly lceos (1<,C1Y in
<he lasfill plot than the conivol piot (7Table 3;,. In addition, irrirsati:.
the lwidliil rlot significantly increascd leaf weight; whereas on 4ic c‘“,rol,
no siniticant diifference was chown betwewn the irrigated and non-irrigat« s

. , . _
' TABLE 32, AVERAGE LRY WEISHT OF SUGAR MAPLE LFAVZES I LANDFILL

TOLUN-TRETGATED ARFAS

o \,OI«"T’F\)T IKRIGATED A2

Lendt'ill ___ Control I

ATzA 176 ST Ry IS 7 i
DT R T T T e L et {

1)

Irrigated 0.66u" 2.7 0.83¢ 0.8Ce :
llon-Irrigated C.50a 0.55a 0.86€c 0.87¢c ‘
Hean 0.28 0.C 0,84 ¢. 8¢ ¢

0.<1 0.85¢%

* Values were average for 2 leaves/trec from 20 irees/plot treatment/y:ar,

+ “alue: followcd by difrerent letters are sigrificantly different from cach
otiwer & :1<,01, . ]

Significantly greater than landrill plou .3 1'4,.i. *

Jtomatal =esictance

frucive recistaice readings were maa
4 and non-irrigated landfill arcas

on sugzar rmaple leaves in the
rdcr to evaluate the effect of
sture content on stomatal strategi ol trec: growing on landfills,
ance reazsured every hour during fugust 12. 1.7C on maples grcwing on
1131 ploo in the irrigated arca and high and low landiill gas noi-
ted arcas decreesced significantly and sicilarly between &:3C a.m. and
a.m. (Figure S°. By 11:30 a,m, leaf resictance of trees in the high-
outh) ron-irrigztel area increased sharply tc the 3:30 a.m. level and
ated 2round this level for the remainder o the day. Iiffusive recsic-
¢ readings o leaves in wne low-gas (north, non-irrigated area tended to
nover closze to the 11:30 a,m, reading (except ror & peak at 2:3C p.rm.) until
the dey’'s end when readings were close to the original early morring level,
Ur.like readings for the aforementioned areas, readinge in the low-gas irri-
gated area ‘Figure &) continucd to decresze until 12:30 p.ui. when resistance
was lowest, then gradually increased through L:2C p.m, after which resistance
increased sharply. Seacings for the high-gas (:zouth' non-irrigated area were
significin®tly higher thazn for the other two areas from 11:50 a,m., through
5:3C pem,  Only two polrte differed cignificantly between low-gas irrigated
ard low gas non-irrigated i,e, at 2:30 v.r. and 7:20 p.m. (Figure 8),
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Curing the period trom August 9 through August 23, 1978, diffusiég
recistance readings for sugar maple leaves were significantly increased on
the landfill plot compzred to the control plot (Table 40). Resistance on the
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ron-irrigated areas wus signiricantly greater than the increase on the con-
trol.

TABLE LO, DIFRUCIVE REZISTAICE PEADIHGS* TOr SUGAR MADPLE Ll_ ;"’
' LANDFILL AL <ORTRCET, IRRIGATED AL ICH-IFEIGATT 3
ARLAL 2RO AUGJET o THRCUGH AUGTRIT 232, l;?d . _ ;i
o i 3
Arca larndrill Control
_______________ :nc/cn‘ R e
+
Irrigated 2.28 7. 2a
non=-Irrigated 2.7b+ 2. 3a
‘lean 2,L5+ 2.25

*+ teadings are avtrage of 2 readings/tree for 5 trees in each area, Xeadings
wore taken between 1C-00 a,m, and 12:00 a,m, each day,

+  Values followed by dirterent lutiers are significantly dirferent @ :<,CS,

¥ lignificantly greater than centrol plot 2 i<,01,

“iffects of Scil.and lMeterological Parameters on Ztomatal Fesicstance

vien alr touperature arnd relative humidity during August 18 were regress-
ed onto dirfusive resistance readirzs for maples in the high-ga: {couth’ non-
irrigzted area {C05=7, g, ©o=15,8"), no <ffecis were stutistically zignifi-
cart even at the PX,50C level, to justify a descriptive wiltiple regression
wodel,  However, in the luw-gas non-irrigated area (C; = 'T, GeE =17,07) 15
o1 the variability of diffusive resistance readings coﬂld be acCourted for in
the model: ’

L = co.L - 13,1 Log

where:

=] Qo

= Diffusive Rcosistance

W Air Lcmpe;atuze, i

'Log., = flatural iogarithunm

While this rodel did not account for much of the variability in diffus-
ive részistance readings, the rodel describing variability in readings Tor the
low-gas irrigated area (CC.-2.37, 02~17.9?).

T =1271,0 - 21,3 (T,) + 0,1 (T )2 - 131.5 Log,, (R) eq?2
A A 10 .
where:
D = Diffusive rFercistance
T.= Alr Temperature, U

A
R = % Relative Humidity

accountzd for 71 of the variability,
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Pegrescion or the indopendent varizsblecs: soil gas, coil moistute and
meteorological data Ifrom August 9 through Aurust 23 onto diffunive resistance
of cugar maple leaves wan porformea ror the irriputed and non-irrigat:d arcus
on borh piots,  Variation of rcecistance readings Irom -lay to day in both tre
¢ontrol irrigated und non-irrigased arcas was correlated with changez 'n
votal wind movement rrem iay to day according to the models:

For control irrigatcd

=12, + 222,23 32=L31, i<.05 enq 3
wind
wherc:

- -

0= Uifiucive Fesic*tancc

“or control non-irrigateu
. - . - S
To= 1k,S o+ 211.5 R7=53", [<.Q) ea b
wind

whers:
. = ifrusive Recistance

Wrhen untroncformed lincar values of the independent variables vere used
in the regres “un on the 1l2ndrill plot, air temporature was pocitively cor-
reinted with recistance readings or_the irrigatcd arva (x=19.), whereas,

-~ 1oy~ ratiycl s o St aad (D2_"’ ith veadi - 3 3 +

C<n wal negativel; correoluted (RT=C27) with readings on the non-irrigated
arca whot. the oxygen content varied significantly mere than in all other

n

When recipreesl and guadratic effects were added to the regression,

resiztance readirgs ror maples on the landfill plot were correlated with
molz ure content anl ocxruon:

Tor exnerimental irrigated
5 .
C= 32k 0.0 0ne)? - nl (e )2 R - ekt 03

or eiperimental non-irrigated
2

o= -13,C + L7L.1/02 RT=72% <,01
where:
D = Tiffusive Resistarnce

w. 7. = Moisture Content

C2 = Oxygen concentratiorn
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T-2vCTs OF TiE SCIL FHVIRGCEIT 10 51X TREATIENT ARFAZ ON ROOT DISTRIBUTIVL

O AMERICAL BASSWOOD

In the clay/vents trench where the ¢33, Oz anit C'4 cconcentrations aver-
azed 22.5%, %.3% and 12,3 respectively (Table L1V throughout the 1477 grow-
ing season, total root length averages 241 c¢m, Convercely, in ‘he gravel

S Cnp concentration averagca W75 O, 15,775 7,
P . T, a
0.17, and total voot length was 127€ om.  The corcentration of lanifill fas

>

i
W02 and CH, ' pres-nt in the soil atmosrheres was nepatively correiaton

1

‘r=0,19 ani -C.52 re<peotively', wher-a. oxygen wac poritively corrsitte
(=0, 720 with botal root lengsth,  Multipls regrecoion snalysis oo total root
logth proasuczd the following « juation:  Total oot Length iem) = 3132
3i0,3 Cu, v 112,49 G, with an RS = L7, :

.

TABLE U1, ROOT L:IIGTH, AVERAGE AND MAXTIUW DEDTH, AND_FREZUEHCY 25 RUT
GROWTH DIRLCTIOL ILady FOK SERICAN BASOWOOD; S50IL CAPBTH
DICXTL., MUTHALR AD XG0T TRATICHSY IN EACH AFFA

Trench area
Sravel . _

unrr-odiried Trmodifi<d plastice Clay : 1

landfill control vents vents Clay Cortrol
rarareter area wrea trencn trench trench  trench b
-
\ i
Zotal root . ;
lenpth (emd 759p" 220Le in7le 2Lla © 1922¢  17l2c :
Toka 20.8b 2u. kb 15.0b 18.3b 15.8c (O

LN
o

Tond i5. 12 71.1b £1.3b 2¢.32 0.9 A1,

[

: J.5 Le, 2 51.¢ C.0 32,4 53.C

o .
oil suriace Lo.T 3E.9 35.5 Z€.3  53.5 L1,7
T L1 toral reot :

lengtn which

srew paralisl to

zoil -urface 23,5 14,3 12, 31.7 8.1 5.3
T o, 18, 52 19.52 1<.8a 4,3b 17.2¢  19.6a
R £.1h 1.Ca 1.Lka 22,52 5.8b 1l.2a
v GhL C.u b C.1a 12.0c¢ 0.1la C.0a

zazh value i35 the n-an for two trees, .

+ Zuch value i3 tne mean or 17 readingc at 30 ca soil depth throughout the
~rowing seascn. Concentrations are in 7 by volume, ' '
Values followed by airfcrent letiers are significantly different at ©<,.05.

C-
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Average root depth in each area is presented in Table 41, Foots in ths
unmoditriea landfill area had a signaificantly challower depth *than in-all
cther areas, The maximum depth of root venetration in the elzy/vents trencn
and unmodified landfill areas was & taird of that in other areas. Results of
Chi-tguare Analysis showed that there was a significent relationship betwien
diztrivution of root growth ard the six <rench areas (Table L1). Zubdivicing
the Chi-Square Analysis shows that the distribution of roots in the root
growth-direction classes in the umnodifiz=d landfill arca and th: clay/vents
trench, was signiticantly different from that in the remaining four arcac.

In tnese two areas, the C02 and CH, concentrations were considerahly higher
in 211 otner trea*‘ments,

- The frequency distribution differences among areas were particularly
pronounced in the "percentage downwerd root growth" row of Table L4l where the
trees in the unmodified landfill and clay/vent: trencn areas lccate 9,5 or O
of their roots, respectively, compared to 32,47 or more fcr al: other treat-
ments, There appear to be two treatment groups in the "percentage upward
roct growth” row: one consisting of unmodified lundfill area, clay/vent:
trench, and clay trench where the coil COp content ranged from 5.8 to 22,7275
and another consisting of unmodified control area, gravel/glastic/vents
trench and control trench where tne soil COp content ranged from 1.0 to 1.L%,

In the first group (high COp) 59.5% or more of the roots grew tuward the soil”

surface, wiereas, rewer than 41,7% grew upward in the latter group (low cog).

Chi-Siuare Analysis of root depth class versus treatmént area indicatsg
a dcpendency between the frequency of roots in each depth class and the six
treatrent arcas (Table 42), Upon subdividing the analysis, the fregusncy
dictribution in the unmodified landfill area and clay/vents tiench was found
“o be 4liferent than in all other areas i.c. all roots were growing in tie
top 22 cr. of soil in 'these two tréatment areas. On the other nand, in all
other areas, some roots penetrated at least to L6 cm below the soil surrace,
The frequsncy distributions of roots in the gravel/plastic/vents trendh, clay
trench, control trench, and unmodified control areas were rot ﬂlgnlflcantly
dlfieant (i<.05) from each other,

EFFECTS CF LAIIDFILL SOIL ENVIRONMENT ON RCOT DISTRIBUTION OF FIVE WOODY

STECIEC

Mean root depth and total root length (roots with diameter of 1 mm cr
morc) for five species on the landfill and control plots wre presented in
Table L3, [fean root depth for Japanese black pine, and hybrid pcoplar seplings
ard rooted cuttings, honey locust and green ash saplings was less on the
landfil) plct. than on the control plot, Norway spruce was -he only species
with -2 root sy:ztem that was deeper on the landfill plot than on the control,
Foot length for ilorway spruce and Japanese vlack pine was also slightly
greater on the landfill than on the control area, Root length for the remain-
irng three species was less on the landfill than on the control (Table L3),

The percentage of roots at each soil depih is given in Figures 9 through
15 for the five species excavated ror exiensive root study. In root depth

.classes of 10,1 cn or greater, the bar repissents the average percentage for
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TABLY Lo, PERCENTAGZ OF ROCTS IN FACH ROOT-LEPTH CLASS FOR EACH TRENCH AREA

Trench Area

. Gravel
Root- Unmodifiea " Unmodified plastic Clay ‘

dapth landfill control vents vents Clay Control

class aresa area trench irench trench trench

(em) e emeeee s B LT T L LT T pap
0- 8.0 71, kat 23.8¢ 25.8¢ 0.0b 2k, 3¢ 19, 2¢
- > 3,0-15.v 28.6 25."7 22.5 3.3 k.3 27.2
nN- > 25,0-23.0 0.0 20.9 .5 €7 21, ¢ 2L.0
> 23.0-30.0 0.0 16,8 9.7 0.C 13.5 17.9
> 30.0-38.0 Q.0 2.9 s.2 c.c 5.k 5.4
> 38,0-15.0 0.0 5.€ 12.9 0.0 5.5 2.7
> 45,0-53,0 0.C 5.5 Ie.1 0.0 5.4 2.7
below 53,1 0.0 0.0 3.3 0.0 2.0 c.0

+ < - . . . . - A
+ Columns with cimilar lettcrs have similar distribuiion bty Chi-sguare analysis ¢ T <,C5,




% ¥
TABLE L3, MIAN ROOT DEPTH AWl TOTAL ROOT LINGTH FOR SEVESHAL SPECIES ON LANDFILL

AND CONTROL PLOTE

J

Landfill

Landfill ac %
of control

€L

Length Cepth Length
Species (m) (em) {m)
Japanese black pine 25,4 9,3 83.9 106,45
Norway spruc-: 25,6 L2 121, 4 109, 2
Hybrid poplar 90,8 13,0 LC.3 50.0
(rooted cuttings)

Honecy locuct 15,9 16.6 50.C 31.9
Greer. ash (saplings) Ly, 9 14,7 03.4 L7.6
Hybrid poplar (caplings) 35.9 12, cuLh 36,8

*  Fach value is the mcan of 2 replicates,

+ GSpecies are arranged from most to least tolerant of landfill cenditionrs according .o Tatl. 17,




Root depth class f{cm)
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Vertical root dictribution of Japanese black pine in landfill
and control plots, *Fach is the nmiean for two trees.
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Vertical rcot distributicr of Norway spruz. in landfill and
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" Root depth clasz (em)
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Figure 11, Vertical root distribution of hybrid poplar cuttings in

landrill ana control plots, Facih value is *he mean for
two trees, '
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Yoot depth class (cm)

1-
Control plot
o Tandfill plo*
T =T ] L '_. v
C 5 10 15 20 25 =0
Percentege of roots in =ach depth <laszs
= Vertical root di_tribution oi hybrid poplar in landfill

ana control plots, iHach value is the mean 10r =wo trees,
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Figure 26.

Diagram of green ash seedling B root system in landfill plot

indicating root depth in inches at 30.5-cm (12-in) intervals,
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control plot,

TABLE L6, MEAN 00T DEPTH AND TJTAL ROOT LEKGTH FOR HYBRID
POPLAR CUTTINGS ON LANDFILL AND CONTROL PLOTS

Average ' Total
' Root depth . Root length
Location ~ (cm) (m)

Land€ill Plot’

Low-gas area 8.9 ' 96,0

High-gas area 3.8 85.6
Control Plo’c+

Area A 14,5 120.1

Area B i - N : 107.0

* Carton dioxide averaged 15.1% at the 20 cm (8 in) depth in the high-gas
area and 1,4% at the 20 cm (8 in) depth in the low-ges area from 1976

through. 1979.

+ Carbon dioxide averaged 1.1% at the 20 cm (8 in) depth from 1976 through
197y. : _

] Root systems of the¢ four excavated green ash seedlings (2 years old
when planted) are diagrarmed in Figures 25 through 28, Green ash seedling A
(Figure 25) on the land:ill plot was growing in an area where the carbon
dioxide averaged 5.2%, nmethene averaged 1.9% and uxygen averaged 19.87, during
1977, 1978 and 1979, The other excavated landfill tre= (B) (Figure 26) was
growing in an area wherzs ilie carbon dioxide concentration averaged 14,77,
methane 6.1% and oxvgen 16.1%, Carbon dioxide averaged 1.17, oxygen averaged
19,8% and methane was n:2ver detected in the contrecl plot.

The roots of green ash B growing in the high-gas lanifill area were
concentrated near th: soil surface (Tablz 47) and (Figure 29C), whereas roots
of ash A growing in a low-gas landfill are. (¥igure 29B) penetrated to
slightly deeper derths (Table 47), On the other hand, few roots on zontrol
trees vere found in the top 10.1 cm (& in),

A closez-up photograph of the lqder portion of thz ash root system in the
low~gas landfill erea (Figure 30B) devicts an abundance of short roots at
about the 20-cm (8-in) depth. The soil immediately below this short root
zone was darker than the surrounding soil and was giving off a septic odor.
No odor was detected in the soil above this point. Short root formation was
not as noticeable on the ash grecving in the high-gas area on the landfill
(Figure 30A). _ o

Root depth and length values for ash growing in bofh the high ard low

landfill gas areas were approximately half the values of the control {Table
L8), There was little difference in depth and length between the two treecs |
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13 poplar cuttings on control plot,
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Figure 22, Root system of nybrid poplar cutting in lcw-gé.s landfill
area, ' '
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Figure 21,

Surfarce roots of hybrid poplar in high-gas area on landfill
plot,
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TABLE 45, PERCENTAGE OF ROCuS OF HYBRID POPLAR CUTTINGS IN
' EACH' ROOT-DEPT!. CLASS IN HIGH AND LOW GAS AREAS

_ LandI{11 : Control
igh gac Lov-gas .
Roct depth Areca B Area A Area A Area B
" class ce—mma- . J ammcmsmmmemeceme—emcnna --
0- 1.3 3h4,9a" 3.8b Oc 1. ke
1.3- 5.1 43,5 67.6 18.4 36.1
5.1-10.1 16.8 12.9 15.8 20.2
10.1-25.4 Lk,7 11.3 L5,1 27.5
25.4-358,1 0 1.6 7.9 6.9
.38.1-50.8 o) 2.0 L0 2.1
50.8 0’ 0.9 0.3 1.4

* See Table L4 for gas concentrations.

+ Columns with similar letters have similar root distributions at P<,01 by
Chi-Square Analysis,

The arrow in Figure 21 A points to a surface root approximately 4 m
(13 ft) long growing from the poplar in the high-gas aréa. This root orig-
inated at the 5 cm (2 in) depth and grew upward to the 2.5-cm (1 in) depth
within 60 cm (24 in) of the stump and continued to elongate at this depth for
approximately 3.5 m (11.5 ft), The extent of root development in the top
several cm of soil in the nigh-gas area 1is exhibited in Figure 21B. Few
roots in the top several cm of soil produced a sinker root; when a root
reached the top several cm of soil, it generally remained at that depth and
rarely branched to produce a root which giew toward the refuse,

The roots of the peplar cutting in the low-gas landfill area which pene-
trated to the U0-cm (1A-in) depth (Table Lk) are identified with arrows in
Figure 22, Several other roots penetrating to soil depths greater than 50 cm
(20 in) are not shown in this photograph, but are represeanted diazrammati-

cally in Figure 16,

Roots of the two iybrid poplar (cuttings) trees in the control plot were
more evenly distributed in the soil than those in the landfill plot; they
were not as concentrated in the-top soil layers as those in the landfill plot
(Table LL), Figure 23 illustrates the root distribution around a hybrid
poplar cutting on the control plot. The arrow in Figure 23 points to a ront
which is enlarged and marked with a large dot in Figure 24, The roots piec-
tured here have grown from the soil surface straight down to approximately
50 em (16 in)., {7he scale of the ruler in the photograph (Figure 24) is in
inches.) Jeveral of these roots (arrows) have becaue grafted to each other.

Average poplar root depth in the bigh-gas area (Table 46) was considier-
abiy shallower (3.8 en, 1.5 i:) than in the iow-gas aree (8.9 cm, 3.5 in) and
both these areas had much shallower roots (significant @ P<,0l1) than the
control plot. Total root length in the landfill plot wac less than in the
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Figure 20,

Root system of hybrid poplar cuttings in high gas landfill
area,
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Figure 19, Diagram of hybrid poplar cutting B root system in control plot
indicating root depth in inches at 30.5-cm {12-in) intervals,
(continued)
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Figure 18,

Diagram of hybrid poplar cutting A root system in control plot irdicating root depth
in inches at 30.5-cm (12-in) intervclc,
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Diagram of hybrid poplar cutting B (high-gas) root system in landfill plot indicating

roo. depth in inches at 30,5-cm (12-in) intervals.

Fligure 17.
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Figure 16,

Diagram of hybrid poplar cutting A (low-

root depth (in inches) at 30.5-cm

gas) root system in landfill
(12-in) intervals,

plot indicating



TABLE Lk, TUMBER OF 30.5 cm (12 V) HYBRLD POPLAR (ROOTED 'CUTTINGS3) ROOT

SECTIONS AND PERCENTAGE OF TOTAL ROOT LENGTH AT EACH SOIL DEPTH;

TOTAL ROOT LENGTH MEAN RUOT DEPTH: AND MAXIMUM RCOT DEPTH; C02,

CH), AND O, CONCENTRATIONS AT THE 20 cm DEPTH ON LANDFILL AND
CONTRUL PLOTS.
Landfill Control
Tree A (lcw)__ Tree B (hlgh)_ Tree A Tree B
# of ‘gas I of ‘gas # of - # of
Soil depth root root root ' root
in cm sections 9 sections % sections % sections %
0.5 1.3 12 3.8a" 98  34.9b 0 0c 5 1. k4e
1 2.5 92 29,9 82 29,2 56 12,7 69 19.6
2 £.1 120 37.7 Lo 14,3 50 5.7 58 16,5
3 7.6 ar 1i.0 29  10.3 22 5.7 32 9.1
L 10,1 6 1.9 18 6.5 Lo 10,1 39 . 11,1
5 12,7 L 1.3 ) 1.k Lg 12,4 37 1C. 5
6 15.2 13- b1 6 2.1 55 13.3 39 1.1
7 17.8 0 0 1 0.3 29 7.4 7 2.0
8 20.3 10 3.1 1 0.3 19 4,8 9 2.6
9 22,8 5 1.5 1 0.3 11 2.3 8 2.3
10 25.4 Y 1.3 1 ‘0.3 15 3.8 8 2.3
11 27.9 0 o] 0 o} 14 3,5 2. .0.6
12 30.5 L C 1.2 0 0 7 1.8 9 2.6
13 33.0 0 0 0 0 k! " 0.8 & 2.3
1L 35, 1 0.3 0 0 7 1.8 5 1.k
15 38,1 o} 0 o] 0 o' 0 0 0
15 Lo.6 '3 1.0 0 0 L 1.0 6 1.7
17  L3,2 "0 "0 0 o) L 1.0, 0 0
18 L5.7 2 0.7 0 0 3 0.7 3 0.8
19 48,3 0 0 0 0 2 0.5 0 -0
20 50.8 1 0.3 0 0 3 0.8 2 0.6
21 53.3 1 0.3 0 0 1 0.3 o) 0
22  55.9 1 0.3 0 4 0 0 0 0
23 58,4 1 0.3 0 0 0 0 5 1k
Total leagth 96.0 85.6 120.1 : 107.0
(m) .
Mean depth 8.9 3.8 14,5 , 2.7
(cm) . .
Maximum 58,4 25,4 53.3 . 58.4
depth {cm) . : '
1.b 18.1 1.2 1.2
' C!-{f trace 5.0 0.0 ) 0.0
o, _ 19.6 : 15.8 19. L 19,3

+ Jolumns with similar letters have a similar root distribution by Chi-
Square Analysis at P<,01,
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five-2.54 a1 intervals; e.g. in order to calculate the total percentage of
roots in the >Z5.u cer class, multiply the bar value times five. All but one
of the five species {i.e, liorway spruce) produced proportionally more roots
" in the upper soil layers on the landfill plot than cn the control. Norway
spruce on the other hand, produced espproximately 58% of its root system in
the top 2.5 cm of the soil; whereas, only LL4 were growing at this depth in
the landfill plot. More roots penetrated the deeper soil layers. in the
control area than in the landfill ciea.

The number and percentage of hybrid poplar roots at each soil depth are
presented in Table L, One of the landfill trees (Tree B, Figure 16) was
located in a high-gas area where the carbon dioxide concentration during 1977,
1978 and 1973 averaged 18,1%, methane averaged 5% and oxygen averaged 15,8%.
The other hybrid poplar on the lanirill (Figure 17) was growing in a low-gas
area where the carbon dioxide (1.L%), methane (trace) and oxygen (19.6%)
concentrations were similar *- concentrations around trees (Figures 18-19) in
the control plot. '

Root distribution of hybrid poplar cuttirgs in the high-gas aree was
significantly different from that in the low-gas landfill and control areas
(Table LS).  Thirty-five percent of the roots in the high-gas area were in
the top 1.3 em (0.5 in) of soil, whereas, only 3.8% were growing at this
depth in the low-gas area, Less than 1,5% of the roots of tfe hybrid poplar
in the control area were found at the 1.2 cm (0.5 in) depth. No roots were
found below 25.4 em (10 in) in the high-gas landfill area; whereas, L,5% of
the roots in the low-gas landfill area and more i4an 10% of the roots in the
. control area were found below this depth,

The black arrows in Figure 1¢ indicate several roots which extended into
the deeper soil layers 58 cm (23 in) in the low-gas landfill area. These
roots were generally closer to the trunk than were the shallower roots, None
of the roots growing in the high-sas landfill (Figure 17) area extended below
the 18-cm (7-in) depth. The arrow in Figure 17 indicates one root which
started to grow down toward the refuse but died when ii reached the 1B-cm
(7-in) depth., The soil at this depth was very dark in color and had a septic
odor. A hole was dug at this location in order to measure the cover soil
depth. Only 10-cm (4-in) of soil was found between.the dead root tip and the
refuse layer. Apparently, no more than 28-cm (1l-in) of cover soil had been
placed at this locaticn. There was an abundance of shallow roots growing
from this tree (Figure 17). Shallow roots appeared infrequently on the two
poplar trees on the control plot (Figure 18 and 19), whereas, deeper roots
were pravalent iblack arrows in Figures 18 and 19 A and B),

The ph>tograph in Figure 20 i5 of the exposed root system of the popler
tree growing in the high-gas landfill area. The large root toward the bottcm
of the photograph with the black dot in the center was the deepest living
root on this tree., It penetrated the soil to the 15-cm (6-in) depth and then
grew upward to the soil surface where it branched, producing many shallow
roots. The majority of the other roots in this photograph also grew toward
the soil surface, These roots grew from approximately the 10-cm (k-in) soil
depth to the top 2.5 cm (1 in) of the soil surface,
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Figure 15, Vertical root distribution of small green ash in landfill
and control plots. Each value is the mean for two trees.
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Figure 41,

Niagram of hybrid poplar sapling A root system on the landfill

low-gas plot indicating root depth at 30.5-cm (12-in) intervals.

116

e ek,



/7\.[.—\\ ! \2
3
2
2 2
2 \,2
N
2
_\L\‘,\ ,
T T —
3 3 7
2
2 /
2/ ‘
/ A
' |
Figure Lo, Diagram of hyurid peplar sapling B root system on the high-gas

' landfill plot indicating root depth at 30.5-cm (12-in) intervals, _
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The roots of twe hybrid poplar caplings were excavated on the landfill
plot; one {tree B) was in a high-gas area where the COo concentration al the
20-cm (8-in) soil depth uuring the years 1377, 1978 and 1979 averaged 7,7
CHl averaged 1.8%; and Op averaged 17.1%. The other landfill tree {A) was in
a low-gas area (C0,=1.2%, CH,=0.0"; 0,=19.1%) (Teble 50). Two poplar saplirgs
were alico excavated on the contrcl plot (Table 50), The concentraticns ct ¢
CO2, CHL and Op on the control were 1.2%, 0,0% and 19.1%, respectively. ihe
poplar in the high-gas area, which died by September 1979, (Figure 3BA), had
made poor growth campared tu the control pcoplars (Vigure 388) during rach of
the four ycars it remained alive, Many poplar roots azt the base of this
land7fill tree (B) had died before root excavation operations began, The four
roots which remained alive (arrows, Figure 39) originated from the stump at
the 15-cm (6-in) depth or greater and grew toward the scil surface, The ends
of each of these four roots were located in the top 2.5-cm (1l-in) of soil
(Figure 40)., Most of the revaining roots in Figure 39 were dead at the tire
of excavation, '

Mcst poplar roots in the low-gas area also grew tcward the soil curface
(Figure U1). An example of one root growi.g straight up toward the so0il
surface is indicatcd by the arrows in Figures 41 and b2, This root origi-
nated (arrow at top of picture) from the root stock at the 30-cm (12-in)
depth and grew straight upward (urrow at middle of upward riser) to the two
in (5 cm) soil depth. '

Roo%s of excavated control poplar trees did not tend to grow toward the
soil surface as did roots on ithe landfill areas as evidenced by the root
depth values in Figures 43 and L4, Ileep rcots vhich were scarce in the
landfill area were not uncommon in the contvol piot. The roots of a control
poplar (Tree A) at the base of the rule i rigure L5 are approwimately 25 cm
(10 in) deep., ' Mean root depth for both “he landfill trees was less than *hat
in the control area (Table 50). Total root length for poplar in the high-gas
landfill area wac less than half of thet in the low-gas area ana porlars in
both landfill areas produced less total roct length than both poplars in the
contrcl area,

Carbon dioxide concent.rations in the vicinity of two honer locust trees
which were later excavated, averaged 5,5% at the 20-cm (8-1n) depth during
1977, 1973 and 1979; CH) and 0o in the soil substrate of honey locust in the
control plot were 1,1%, 0,0%, and 18.9%, respectively.

The majority of roois on both landfill trees were found in the top 5-cm
(2-in) of soil (Table 51, Figures L6 and L7). iany roots reached coward the
soil surface as they grew away from the trunk. The arrows in Figure 47 and
L8 poin: to a 3.6 m long root extending away from the trunk shown in the
foreground. 1Iils root originated at the 5-cm (2-in) depth on the root stock
and grew zt this level throughout it's entire length.

The root systems of the two excavated contrcl honey locust trees
{Table 51} were approxiuwmtely twice as deep and more than twice as long as
the tree: un the landfill, The roots of control trees were fairly evenly
distributed throughout the soil depths; however, locust rocots on the landfill
were concer.trated near the surface, Roots on the control trees did not rise
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TABLE 49. . NUMBER OF 30,5-cm (12-IN) LARGE GREEN ASH (SAFLINGS) ROOT
SECTIONS® AND PERCENTAGE OF TOTAL ROOT LENGTH AT SACH SOIL DEPTH;
TOTAL ROOT LENGTH, MEAN ROOT DEPIH AND MAXIMUM ROOT DEPTH; CO

116

CHy,, O, CONCENTRATIONS ON LANDFILL AND CONTROL PLOTS 2’
Landfill . Control
Rtai‘A__(lOW)_ Tree B (highy _ Tree A Tree B
# of gas #Fof gas # of # of
Soil depth root root root ‘root
in cm sections % sections % sections % sections %
1 2.5 29°  15.3a' L9 L6.7v 38 12a 36 11.9a
2 5.1 50 26,1 3k 32,2 L9 15.5 38 12.6
3 7.6 1L 7.4 10 9.5 30 9.5 Ls 1.9
L 10,1 15 7.9 0 0 37 11,7 27 8.9
5 12,7 10 5.3 2 1.9 19 6.0 26 8.6
6 15,2 14 7.4 1 1.0 25 7.9- 17 5.6
7 17.8 10 5.3 0 0 19 6.0 11 3.6
8 20.3 19 10.0 0. 0’ 9 2.3 10 3.3
9 22.8 6 3.2 o] 0] 10 3.2 22 7.3
10 25,4 12 . 6.3 1 1.0 - 2€ 8.2 11 3.6
11 27.9 6 3.2 0 0 T 2,2 28 9.3
12 30.5 5 2.6 0 0 28 8.8 18 6.0
13 33.0 0 0 1 1.0 L 1.3 7 2.3
1k 35.6 0 0 L 3.8 13 4,1 6 2,0
15 38.1 0 0 3 2.9 1 0.3 0 o}
ho.6. 0 0 0 0 2 0.6 0 0
Total length 57.9 32,0 96.6 92.0
(m) '
Mean depth 11,9 €.6 4.7 14,7
(cm) .
Maximum depth 30.5 38.1 Lo,6 35.6
(cm) ' '
ce, 3.9 12,1 1.2 1.1
0, 18.3 12.3 19.8 19.6
cH), 1.3. 7.3 0.0 0.0

+ Colunns with similar letters have a sim:.lar root distribution by Chi-
Square analysis at P<,Cl,
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Figure 36. Diagrem of green ash
plot indicating root

sapling A root system on the control
deptn at 30.5-cme (12-in) intervals,

108

(continued)

——



Tigure 35. Diagram of green ash sapling B root system on high-,as land-
£ill plot indicating root depth at 30.5-cm (12-in) iatervals,
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Figure 34, Root system of green ash sapling B on high-gas landfill plot,
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Figure 33,

Root system'of green ash sapling B on low-gas landfill plot,
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Figure 32.
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Liagrem of large grren ash sabling A rost system on landfill
indicating root depth at 30.5-cm (12-in) intervals.

10t




A on the control plot.

ing

ash seedl

Root sys=em of green

31

Figure

1103




on the control plot, Ash seedlings on the control area did not form <he
matted short-root zone found un the landfill trees, Several control trec
roots, like the one shown in rigure 31 (arrow), grew almost straight down.
This was not found on the landfill trees.

TABLE 48, MEA ROOT DEPTH AND TOTAL ROOT LENGTH FOR SMALL
GREEN ASH IN HIGH GAS AND LOW RAZ AREAS ON LANDFILL
PLOT AND IN TWO AREAZ ON CONTROL PLOT

Mean Total
Root depth Root length
Location (em) (m) '
*
Landfill
Low gas area A 9,6 9.2
High gas area B 1.5 7.€
Control+ '
Area A 22,6 21.3
Area B 19,8 15.8

* Carbon dioxide in the high-gas area avereged 1h,7% at the 20 cm (8 in)
depth and in the low gas area 5.2% a- the 20 cm (8 in‘ depth from 1978
through 1979. '

+ Carbon dioxide averaged 1,1% at the 20 cm (8 in) depth from 1978 through
1979.

The root systems of four large green ash saplings, two on the landrill
and two on the control plot were excavated. The number of roots at each soil
depth is given in Table L9, Tree A (diagrammed in Figure 32) growing in a
low-gas area where the CO2 concentrations during 1977, 1978 and 1979 averagad
3.%%, CHy averaged 1.3% and Op averaged 18,3% produced a mat of short roots
at the 25-cm (10-in) depth illustrated in Figures 33A and R. Immediately
below the root mat was a dark soil layer which had tue odor of decomposing
refuse (arrows, Figure 33B). A less-Cense mat-like formation was found on
ash sapling B (Figure ?I') in the high-gas landfill area (C0p=13.1%, CHL=7.3%,
02=12.3%); however, a large portion of ihe roots (46.7%) was found in the *op
2.5 cm {1 in) of soil (arrows, Figure 34 and Figure 35). ‘The large diameter
roots in the center of “igure 3L were present when the tree was planted in
1976, so they were not included in any data analysis.

Control ash root systems were very well developed (Figures 36A and B
and 37). The roots of control ash were more evenly dictributed depthwise in
the svil than those of tree A aad tree B in the low-and high-gas landfill
areas (Table L9)., Mean root depth (6,6 cm) (Table 49) was shallower and
totel roct Jength (32,0 m) lower in tree B in the high-gas area than in tree
A in the low-gas landfill area and both were reduced compared to the control
(Table L9).
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Close-up photographs of root systems of green ash seedlings
on landfill high gas (A) and landfill low-ges (B) plcts,
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TARLE 47, NUMBER OF 30.5-cm (12-IN) GREEN ASH (SMALL TREES) RuOT SECTIONS
AND PERCENTAGE OF TOTAL ROOT LENGTH AT CACH SOIL DEPTH; TOTAL

ROOT LENGTH, MEAN ROOT DEPTH AND MAXIMUM ROOT DEPTH; CO,, CH)
AND O, CONCENTRATION ON LANDFILL AND CONTROL PLOTS
Landfill . Control
Irec A (lowy  Tree B (high) Tree A Tree B
; . # o gas # of &3 #o # o
Soil depth Toog roc roo 1'00
in cn cections % sections % sections % sections %
1 2.5 5 16.7v" 5  20.0c £ ' 8.8a 0 0a
2 5.1 3 10.0 7 28.0 1 1.4 11.5
3 7.6 5 16.7 5 20,0 5 7.1 3 5.8
L 10,1 6 20,0 L 16,0 1 1.4 1 1.9
5 12.7 5 16,7 1 4,¢ 5 7.1 0 0
6 15,2 L 20.0 1 L,0 L s.7 3 5.8
7 17.8 1 16,7 2 8.0 5 7.1 7 13.6
8 20,3 1 13.1 0 0 3 L3 9 17.3
9 22,8 s) 3.L 0 0 0 0 12 23.0
10 25.h4 0 3.b 0 0 10 b L 3 5.8
11 27.9 0] 0 0 o) 8 1L 1 1.9
12 30.5 0 0 0 0 8 11 b 5 9.6
13 33.0 0 0 0 0 L 5.7 o] 0
1k 35.6 0 0 0 0 I 5.7 0 0
15 38.1 0 0 0 0 3 L,3 0 0
115 40,6 0 0] 0] 0 2 2.3 1 1.9
17 L3, 2 0 0 0 0 z 1.4 1 1.9
Total length g1 7.6 21.3 5.8
(m)
Mean depth 9.6 7.6 22.6 19.8
(em) '
Maximum 20.3 17.8 L3,2 L3, 2
depth (cm)
co, 5.2 14,7 1.1 1.1
CH), 1.9 16.1 .0 0.0
0, 17.8 6.1 _ 19,8 19.8

+ Columns with different letters have statisticaily different distriiution
by Chi-Square Analysis at P<,01,



Figure 28,

Diagram of green ash seedling B root system on control plot
indicating root depth at 30.5-cm (12-in) intervals.
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Figure 27. NDiagram of green ash seedling A root system in control plot
indicating root depth in inches at 30,5-cm (12-in) intervals,




Figure 42,

Root system of hybrid poplar sapling A on landfill
plot.
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Figure 43,

basaden oo

Diagram of hybrid poplar sepling A foots s/stem on control plot indicating root depth

at 20.%-cm (12-in) intervals,
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Figurc ik, Diagram of hybr.d poplar sapling B roct fy~ .em on control plot indicating
root depth at 30,5-cm (12-in) intervals
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TABLE 50. NUMBER OF 30.5-cn (12-IN) HYBRID POPLAR (SAFLINGS) ROOT SECTIONS

AND PERCENTAGE OF TOTAL ROCT ZFLGTd AT YACH SOIL DEPTH, TOTAL
ROOT LENGTH, MZAN ROCOT DzZPTH AND MAXLMUM RCCT DZPTH; COp, ?Hh
AND O, CONCENTRATICNT ON LANDFILL AND CCONTROIL PLOTS

2
Landfill Control
Tree A (lOW)_ Tree B (high)_ Tree A Tree B
# of gas I of gas # of - # of
Scil éepth rcot root root ront
in cm sections % sections % sections % sections %
0.5 1.3 11 E.40" 0 0c 5 .33 0 Oa
1 2.5 4o 23.1 13 0.9 Lp 10.€ LY 18,2
2 5.1 39 22.5 20 31.7 68 17.1 30 12.3
3 7.6 24 13.) 10 15.9 55 13.8 27 11.1
b 10.1 12 6.9 2 3.2, 27 6.8 23 2.5
5 12.7 10 5.8 1 1.¢ 27 €.8 26 10,7
[ 15,2 9 5.2 5 7.9 32 8.1 27 1.1
7 27.9 13 7.5 7 11.1 32 8.1 25 10.3
8 20.3 9 5.2 L 6.4 Ly 11.1 18 7.k
9 22.8 2 1.1 1 CLLE 30 7.6 5 2.1
10 25.L 1 0.6 0 0 1L 3.7 - 6 2.5
11 27.9 0 0 0 o] 6 1.5 3 1.2
12 20.5 0 0 ) 0 0 0 1 0.L
13 32.0 1 0.6 0 0 0 0.2 2 c.8
14 35.6 0 Q- 0 0 3 0.7 2 0.8
15 39.1 1 0.C o] 0 3 0.7 2 0.3
16 40,6 0 0 0 0 1 0.2 1 o.L
17 k3.2 0 0 0 0 0 0 0 0
18 Ls,7 1 0.6 0 C 2 0.5 1 o.L
15 L6.2 0 o} 0 0 2 0.5 0 0
20 50.8 0 0 0 0 1 0.2 0 0
21 53.3 0 0 0 o} 2 0.5 0 0
Total length  52.7 16,2 121.0 4.0
()
Mean depth 8.4 8.6 12.5 13,2
(cm) -
Maximum depth U5.7 22.8 . 53.3 ' Ls.7
{cm)
co, 1.2 7.9 1.2 1.2
0, 19,1 17.1 19,1 19.1
CHy, 0.0 1.8 0.0 0.0

+ Columns with similar letters have similar root distributions at P<.01 by

Cni-Square fnaly:ls,
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NUMBER OF 30,5-cm (12-IK) HOIUZY LOCUST ROOT SECTIONT ANC

TABLE 51. . :
PERCENTAGE TOTAL ROOT L¥IGTH AT EZACH NOIL DYFTH; TCTAL ROCT
LENGTH, MEAI: ROO1 D¥PTH AND MAXLMUM "OOT IEPTH; CO,, C)
AND oP CONCENTRATICIS O LAIDFILL AliL COdTROL PLOTS
landfill _ Control
Tree A Tree 8 Tree A Tree B
Soil depth n of ' # of of # of
in em .oots % roots % roots % roots 7
1 2.5 3 672" 2 3.0a 0 Ob 0O Ob
2 5.1 2k 53,3 Lo 60.< 2) 16.3 33 9.k
3 7.0 L 3.9 11 16,7 16 9.1 9 5.3
L 10.1 S A 13, 5 1.6 7 3.9 9 5.2
2 12,7 3 €.7 C Q 6 3.4 33 19.L
6 15,2 1 2,2 0 o} 11 £.2 17 10.0
7 17.8 0 0 5 7.6 16  16.1 9 5.2
8 20.3 2 L. 4 1 1.5 38 21.3 17 10,0
5 22.8 1 2.2 1 1.5 5 L.5 1k g.2
10 25.4 1 2,2 0 0 16 9.1 12 7.1
11 27.9 0 0 0] 0] 19 10.7 5 2.9
12 30.5 0 0 1 1.5 3 5.1 & 3.5
13 33. 0 0 0 0 0 0 3 1.8
1L >33.0 0 o} 0 0 1 0.6 2 1.2
Total length 13.7 20.1 sk, 2 51.8
(m)
“ean depth 8.9 7.6 17.5 15.7
(cm)
Maximum depth ,2?-h. 20.5 35.6 L&, 2
(em) '
002 5.1 5.9 .9 1.3
02 16,1 17.5 18.7 19.1
CH), 1.6 1.8 0.0 0.0
+ Colurns with similar letters have similar root distributions 2t P<,0l by

Chi-Square Analysis,
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Diagram of honey locust tree B root system on landfill plot

Figure L6,
indicating root depth at 30.5-cm (12-in) intervals.

123



Figure 47, Diagram of honey locust tree A root system on landfill plot
indicating root depth at 30.5-cm (12-in) intervals,
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Root system of honey locust tree A on landfill plot.

Figure L8
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toward the soil surfacs as they grew away from the trunk (Figures 49 and 5¢),
Several roots such as those indicated with arrows in Figure 51B, grew away
from the scil surface. However; control locust rcots generally remained :ut
the same soil depth throughout their ertire length (Figure 51B) Many rcots
wer: found at depths between 10 cem (4 in) and 25 cm (10 in) (Figure 51A).

The arrow above the hand shovel chows the approximate location of the coil
surrace, Tne root at the tip of the shovel was approximately 25 cm (10 in)
dezp,

Two Japanese black pine trees were excavated on the landfill and control
plots., Carcon dicxide (5.6%) and methane (1.1%) concentrations were higher
and cxygen (1£,3%) concentra%tions lower on the landfill than on the control
nlet (CO.=1,2%, CHL=0,0h, 02=19.8) (Tatle 52). Koct distribution on tne
landfill“plot (Figures 52 and 53) was stutistically similar to that in the
contreol plot (Figures S4 and 55). Totel root length and mean root depth
values on the landfill vere similar to those on *he control (Iable 52).
Maxilgum root depth was slightly greater on the control than on the landfill
plot.

Two Norway spruce trees were excavated on the landfill and control plots,
Carbon dioxide (L, 7)) and methane (C.5%" concentrations were higher and
.oxycgen concentraticns were lower (i8.4%) on the landfill than on the control
(CCo=1,2%, CHL=0.0%, 0.=19.8%) (Table 53). Roots of Ncrway spruce tree A
were concentraied very close to .the soil surface (Iable 53); whereas, roots
from tree B were growing in deeper soil layers. The same pattern was ob-
served on the control plot, where one tree A produced a very shallow roo*
system, whereas, the other tree E had mwany roots in deeper scil layers.’
Rocts on both plots pgrew very straight and rarely branched (Figures 56, 57,
56, 39). Figure 60 illustrates the shallow root system of the Norway spruce
on the landfill plot and Figure €1 demonstrates the shallow roots on the
contrel,
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Figure 50, Diagram of honey locust tree B root system on control plot
indiceting root depth (in inches) at 30.5-cm (12-in) intervals.
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Figure 51,

Root. system of horey locust tree 4 on control plot,



TABLE 52, JUMBLR CF 30.5-em (12-IN) JAPANESE BLACK PINE ROOT SECTINNS
ALD PERCENTAGE CF TOTAL ROOT LENGTH At FACH SOIL _,EPTH TOTAL
ROCT LENGTH, MEAN ROOT DIPTH AIID MAXIMLT ROOT DEPTH; Ci

AND 0, CONCENTRATIONS ON LANDTILL AlD CONTROL PTOTg b l
Tandfill , Control l
i
Tree A Tree B Tree /. Tree B
soil depth 4 of . # of  #or # of
in e roots roolvs 9 rookts % roots % .
1 2.5 0 Oa 0 Oa. 0 Qa 2 2.52
2 5.1 39  56.5 43 LE.7 24 30,k 28 33.9
3 7.6 13 18.8 17  18.5 21 - 26,5 25 3L,
L 10.1 7 10,1 16 17.k 8§ 10.0 & 8.3
5 12,7 L c.8 9 9.8 | L+ 5,1 L AN e
& 15,2 L 5.8 5 5.4 7 8.9 2 2.8
7 17.8 1 1.5 2 2.2 L 5.1 2 2.8
8 20.3 1 1.5 0o o0 " 8.9 1 1.4
.Q 22.8 0 0 0 0 2 2.5 2 2.8
10 25.% - 0 0 0 0 2 2.5 0 0
Total length 21.0 28,0 oh.1 21.9
(m)
Mean depth 7.6 8.1 10. k4 8.1
(em) , .
taximum depth 20.3 17.8 25,4 22.8
(cm) .
€O, 5.1 6.2 1.2. 1.2
02 18,9 17.8 . 19,8 19.8
CH) 1.b 0.9 0.0 0.0

+ Coluans with similar letters have similar root Adistributions at P<,01 by
Chi-Square inalysis, .
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Figure 52. Diagram of Japanese black pine tree A root system on landfill plot
indicating root depth (in inches) at 30,5-cm (12-in) intervals.
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Figure 53, Diagram of Japanese black pine tree 8 root system on landfill plot
indicating root depth (in inches) at 30.5-cm (12-in) intervals.
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Figure 5k,

Diagram of Japanese biack pine tree A root syster on ccntrol plot
indicating root depth (in inches) at 30.5-cm (12-in) intervals,
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Figure 55, [Iiagrar or Japanese black pine tree B rcoot system on centrol plot
indicating root depth (in inches) at 30,5-cm (12-in) intervals,
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FASCENTAGE OF TOTAL ROOT

TENSTH S

ROCT DIZFTH ANT MAXINULY &

N

RI0T LENGTH, M Al :
-?Hl‘ RWES; ’32 COUCTITEATICNS O LD I
Landfi.l Control
Trce A Tree B Tres= Tre= B
Toil d-ptih £ o # of # o7 = of
in er roots roots 7 roots roots
1 2.5 99 83.2a" 3 L.3c w2 8.0 19 29.2»
2 5.1 18 15.1 20 38,8 12 11.2 2L 35,9
3 7.6 2 C.7 25  3t.2 2 2.8 L 21,5
L 10.1 O 0 12 17.4 0 2 Z 4.2
5 12,7 G 0 3 4,3 ¢ o 1 1.7
2 15.2 0 o} 0 0 o) 0 0 C
7 7.5 0 0 0 0 0 o 1 1.0
Total length 37,3 21.0
{m)
Mean depth 3.0 7.1
lem)
vaximum depth 7.6 12.7
{em)
Co 5.0
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+ Columns with similar letters have similar root distributions at

Chi-Square Analysis.
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Figure 56. Diagram of lorway spruce tree A root system or liandfill plot
indicating root degth {in inches) at 30.5-cm (12-in) intervals.
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Jigure 57. Tiagram of llorway spruce tree B root system on landfill plot
indicatirg root depth (in inches) at 30.5-cm (12-in) intervais.
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Figure 58. Disagram of Noriay spruce tree A root system on control plot
irdicating root depth (in inches) at 30.5-cm (12-in) intervals,
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Figure 57%. Diagram of lorway spruce tree B root system on control plot
indicating root depth (in inches) at 30.5-cm (12-in) intervals,
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Figure 60, Root system of Norway spruce on lardfill plot.
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Figure 61.

oot system of Nerway spruce on control piot.
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SECTION 7

DISCUSSION

The levels of carbon dioxide (3.%:), methane (0.L%) and oxygen (17.6%)
at the 20 cm (8 in) depth in the cover soil of the Fdgeboro larndfill were
found to be similar to levels found in the cover soil of over &7f of land-
fills surveyed throughout the United States (Leone et al. 1979). Thererore,
the principles set forth in this report represent conditions 1nd1cat1ve of a
large number of landfllls in this country.

Relative Mlabllltxiof Flante

The viability of plants after four years grosth on the completed
rdgeboro landfill differed among species. By the end cf 1979, all the
weeping willowz, rhododendrons, and euuvnym's had died or. the landfill plot;
willows and rhododendrons, obviously having been unable to withstand periodrs
of desiccation characteristic of such sites during mid-surmer., The euonymuc
shrubs on the site which were not girdled by raboits during the winter of
1977-1975, also appeared. to have become desiccated during mid-surmer fror
lack of sufficient soil moisture. Several sweet gum, black gum, bayberr; =nd
pin oak died from undetermined causes; .landfill gas contarmination of the root
zcne and low soil moisture during mid-July 1978 were suspected 25 contrib-
uting factors in the sweet gum deaths, Since the concentrations of carbon
dioxide, oxygen and methane at the 20 cm (8 in) soil depth can reportedly
vary from one day to the next, some tree deaths may have resulted from land-
fill gas migrating into the rcot zone during periods when gas measurements
were not determined; i.e, samples might have been collected on days of lower
cencentrations, If tais were the case, harmfiuil levels of the measured so0il
gases might not have teen reccrded. Even if the carbon dioxide ana methore
levels were considerably higher than the average levels during short inter-
vals between sampling dates, Arthur (1976) indicates that short periods ot
high landfill gas concentrations may adversely affect tres growth.

More than €0 zddiilional gases have been reported in the anzerobic envi-
ronment of landfills (Personnel communication, ¥red Rice, heserve Synthetic
Fuel, California, 1977) including ethane. propane, phosphine, hydrogen sul-
fide, nitiogen and nitrous oxides (McCarty 19€3; Rovers end Farquhar 1972;
Toerian and Hattingh 1966)., 3Jome or all of these other gaseous camponents in
addition to carbon dioxide and methane may have migrated into the cover soil

in the 1andfill nlot on the Edgeboro landfill and adversely affectel plant
growth,
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Relative Growth of Survivirg Plants

Landfill tolerance of the surviving trees was basea upon two types of
growth measurements (shoot length and stem area increase) taken for each
species on both the landfill and control plots, From cowparisons of growth
on the landfill as percent or tha‘, on the control, relative tolerarce of
landfill conditions depended hoth on the growth parameter measuved and the

growinug season in vwhich mrasurements wWere collected, During the 1973 grouw-
ing season, black pine shoot and stem growth on ti~ landfill plot compared to
the :ontrol was beuter than for any other specic: (Tables L and 5)., luring

1979, however, shoot growth of clack oine on the 1andfill was fourth and stem
growth tenth best of all species as comparecd to controls., Thus, black pine
appeared to be less tolerant of landfill conditions ir 1979 than in 1978,
Honey locust shoot and stem growth on the landfill plot campared to tne
control during 1978 were fifteenth and sixteenth in rank, respectively among
the species tested; whereca:z, during 1977, honcy locust shoot growth was best
and stem growth {ifth bes- of all speci:s tasted., EZviderntly, a tolerance
list based or. growth measurenents auring one partjicular growing season may
not necessarily represen®t a reliable t¢stimnte of an overall tolerance to
landfill conditlons.

Since landfill tolerance also appears to pe dependent upon the partic-
ular growth measuremcrt in question, one must identify the critical growth
criteria for species selection. Since either shoot growth and/or stem growth,
may be critical for a particular vegetatiou project, they have been presented
in this repcrt both separately and combined, in order to satisfy the needs of
2 wide variety of individuals.

From camparioons of total amount of shoot growth produced cn the land-
fill from 1376 through 1979 with that in tha control plet, ginkgo, black gum
and Japanese yew appear o be most tolerant; ari green ash, sweet gum and-
ayorid poplar saplings, least tolerant of landfill conditions ‘Table 8).
From comparisons of nercent ster arca increace Japanese yew, white pine and
Norway spruce seem most tolerant; and hybrid poplar cuttings, hybrid pcplar
saplings, and green ash, least tolerant of lzndrfill conditions (Table 9).

- Since there is reason to believe that no one growth parameter is best
suited for camparing tree growth on the landfill with that on the control
plot, shoot and stem growth data were ccmbined for the'years 1976, 1977, 1979
and 1979 and analyzed as a unit. Two different c<tatistical mcthods were
ch:-_en to analyze the combined growth data in order to rank the test species
for overall tolerance to landfill conditions,

One method consisted of averaging shoct Zrcwth during 1976 when stem
growth was not available and shoot ari stem growth for 1977 through 1979 for
each species on the landfill plot as a percentage of that on the control plot,
The species which producced the greatest amount of shoot or stem growth on the
landi'ill compared to the control. received a rank of one., The species which
grew most poorly on the landfill compared to the control was ranked last
(16th). Thus, seven rank lists were formed and the tolorance rank values
from the lists were tctaled for each species for an overall landfill toler-
ance rank (Table 10).
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Principal components analyses of shoot and stem data from 1976 through
1979 comprised the sccond method (Table 11). A factor scnre was calculated
for each species on each plot, The differences in scores between plots were
aligred from smallest to largest. The ranking of cpecies from most +tc leagt
1/ndfill tolerance by thic system was similar to ‘the first analytical method.
Only two cpecies changed positions dramatically; Japanese yew moved from most
tolerant by the first method to eighth accordirg to principal components
analysis, and hybrid poplar cuttings roved from eighth in tolerance by the
first and least. tolerant by the second analysis. As a result of both methods
of analysis black gum, black pine and bayberry appeared most tolerant and
hybrid poplar saplings, green ash and honey locust least tolerant of landfill
conditions.

A fincl way of assessing relative tolerance to landi'ill conditions is to
total the rank values from each of the aforementioned methods of anayleis
(Table 12), Black gum appears most tolerant and Japanese yew sacond most
tolerant to landfill conditions, It is believed “nat Japanese ;ew was ranked
very tolerant because growih oil the control was inhibited vy 'wet feet!
conditions,

In all the landfill tolerance lists the species were generally distri-
buted in a similar manner throughnut tolerance ranks, i.e., those at tre top
of one list generally appeared toward the top of the other lisis ard vice
versa., .

Stress on the intolerant trees provided by low moisturs and/or elevated
CC> and CHY concentrations was reflected in the greater variability in growtn

on the landfill plot than on the -control (irables 13 and 1hk). Iiic2 tolerant

cpecics were apparertly more capable than the intolerant cpecies of with-
standing the low soil moisture and elevated COp arnd CHL levels o7 the landfill
plot, the lower variability among tolerant trecs on the landfill cazes as no
surprise. ' '

Fram the previous discussicn the following questions must be ancwered
prior to the selection of plant material: fhould it produce a quick vege.a-
tive cover? Must it grow in a manner similar to trees on non-landfill sites?
Should it produce good shoot growth, good siem area incresse cr both?

Regsrcdless of whether shoot length or stem arca measurements are <or-
sidered, rooted cuttings of hybrid poplar appear to be best suited for
vegetating completed landfills if one desires to produce a quick, dense
woody vegetative cover regardless of species (Table 15'. On the other hand,
if one desires to plant a variety of species which would perform as well on
a landfill as on non-landfill areas, black gum, bayberry, Japanese black pine
ard ginkgo appear to be the tree species best suited for this purrncse (Tables
10 and 11). Although two of these bayterry and ginkgo both ranked high in
these species tolerance lists comparing their growth on the landfill with
growth of replica*es on the control, their relative absolute growth compared
to that of other species on the landfill was the poorest..

From this viewpoint, ginkgo might be one of the least desirable species
for landtill plantings, Moreover, since bayberry was the only shrub to
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survive on the landfill plot and becauce it rapidly spreads by shallow nori-
z01tal rhizomns, bayberry may be a very desirable soll stablizer,®

To_.erance of Rapid vs. Slow Growers

Table 12 shows that seven of the eight most intolerant speties (those
toward the bottam of the list) have teen cla551f1ed as rapid growers; most of
the tolerant speciez are slow growers (Fowells 13%05)., Apparently, those
species with tke capacity to grow vzry quickly, cannot maintain this rapid
growth rate on completed. landfills, whereas, speciec which naturally have a
slower growth rate can meintain the rate on the landfill comparable to that
on the control. GSince fact growing trées are likely to withdraw more moisture
from the s0il, they may become subjected to water stress quicker than the
si.ow growers, Localized low s0il moisture tensicn zones may have existed in
the rhizosphere o these rapidly growing trees; however, moisture content
measurements were rot taken on such a small scale, These data suggest that
irrigation is more essential for the establishment of rapid growing trees
than it is for establishment of the slow growers, Thus, when growth on the
landfill was compared *to growth on the control, rapidly growing trees proved
intolerant of landfill conditions, However, many of these suppbsed intolcer-
ant (based on landfill growth compared to control) rapid growing species
(hybrid poplar rooted cuttings, honey locust and American sycamore) actually
produced more absolute vegetative growth on the landfill than other so called
tolerant species growing on the landfill,

The generalizaticn is often found in the literature that healthy,
vigorously growing planis are susceptible to air pollution damage (Harkov
1979). Although slow growth may be associated with a given stress, it may
also be characteristic of a particular plant species and thus allow that
spccies to escape from air pollution damage {Harkov 1979), The present study
presents evidance that trees more susceptible to landtill gaces (pollution of
*he root system) ave also more likely to be found amorig the rapidly grow1ng

species rather than the slower growere,

Tolerance of Flood Tolerant Species

The charac%eristic low moisture-holding capacity of lendfill cover soils
was dcmonstrated on the experimental landfill plot during the years 1977 avn
1578 (Figur: 7)., Thus, several species may have been stressed by low avail-
able snil moisture, Species most likely to be affected by water stress are
those which naturally grow in areas associated with a high weater table., Five
of the eight species (Green ash, honey locust, sweet gum, pin oak, red maple)
observed to be landfill stressed in these investigations (Table 12), report-
edly cannot :tolerate drought conditions (Hook 197%), whereas, only one of the
eight toleran! species %c reportedly sensitive to drougnty conditions.
Several of these intolerant species {green ash, red maple, hone; locust) may
have exhihited sencitivity to landfill soil conditions because they cannot
tolerat. periods c:i 1.~ soil moisture content and might otherwise have proved
tc be landiill tolerag. if adequate amounts of water had been provided.

A reasonable a priori assumption may be that those species which can
withstand periods of flooding, can also tolerate landfill conditions, since
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both environments generally lack sufficiernt oxygen for normal root respira-
tion. However, since the 50il or the Edgeborc Landfill was often lacking in
moisture, these species were probably not afforded the opportunity to exhibit
their low Oy-adaptibility mechanisms., Thus, their gr=ith on the landrill was
much reduced comrar<s2 L& Lhe control,

Effect of pll on Tnlerance

There is evidence for the notior that soil pH levels may affect species
tolerance to l.ndfill conditions., Luring 1978, p'' on both the landfill and
cortrol plots averaged L.5., 7The =olerance (according to 1978 stem increment
data) of the five most landfill tolerant species (black pine, lorway spruce,
bayberry, wh_te pine and tlack guw-Tzble 5) may have been brought about by
the abilit,; of these species to thriv: in acidic zoil (Flannery and Taterson
196k4),  Accordingly, these five species may have been less affected by the
depressed Cp, elevated 70p and CHy and low soil moisture than other species
because the pH (4,5) was close to their optimwn resuirement (pH=5.0~8.0).
Following appropriate lime applicaticn in carly sprinz, 1979, the soil pH
rose to €,2 'on both plots, representing a much morc aeziratle level for most
trees and shrubs. As a cornsequence, the five low-pH species were no longer
concentrated at the top of zhe lanafill *tolerar.ce 1list on the basis of 1972
steni growth (Table 7). Spccies which were inhibited by low soil p¥ (e.g.
red maple) in 1978, improved their growth on the landfill during 127S when
the pH level was not inhibiting and, therefore, moved up in the tolerance
list, thus displacing several of the more acid loving plants like Japanese
black pine,

Although stem arca increase data provide cvidence for the importancz of
z0il pH on landfill tolcrance, shoot length data exhibits no recognizatle
relationship between the two parameters, This indicates that ctem area
increase may be a more.sencitive indicator for the tclerance of woody species
to landfill conditions than is shoot length.

Effect of "cil Compaction on Tolerance

High soil bulk density iz anot.er factor which may have infiuenced the
response of a number of the te:ct specizs ©o the soil environment created on
the landfill plot. ‘iopkin:c and Tatrick (1969) indicate that plants are more
adversely affected by high coil oulk densitics at depressed soil oxygen
levels (<107) than a2t mornal soil oxygen concentrations {18-207). Gilman et
al, (in press) report that growth of American bzsswood on completed sanitary
landtillszs is ¢ignificantly inhibited at high soil bulk density levels.
Optinum levels of 3011 bulk density for a variety of crops vary between 1, 3-
1.5 g/re,  virce bLulk densi®ty on the landfill plot during the current
investigations was 1.. .:‘cc, the lowered oxrgen content in the landfill soil
may have caused come ~p:cies to be affectzu by nizh soil compaction,

Tolcrance of Shallow v3. Dc2p-Fouted 'pecies

The species which adapted to the landfill plot more quickly {Japanese
black pine, iiorwe; ccruce' have a shallower and more extensive root system on
the lendfill than the intolerant species (hon@y locust, green ash, hybrid
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poplar) (Table 43), All species prcduced a challower root. system on the
landfill than on the control except Norway spruce, However, the

difference in root depth belween lendfill and contrcl plots was small for
black pine and spruce compared to a fairly large difference fecr the intoier-
ant because they had to produce a proporiionally challower root system or the
lanifill than on the control than did the tolerant cpecies. This study
presents evidence that the root Lystems of theze precently intclerant spéciecs
are making their way toward the s0il surface and rmay in severzl years be able
to tolerute landfill r~onditions, Their root system will proovarly have grown
awvay from the higher carbon dioxide and methare concestrations (and conse-
quently, lower c.ygen concentrations) in the deeper zoil strata, and will
probubly require extensive irrigation in orcer to maintain growth comparable
to the control, ' :

Tolerance of Small vs, Large Trees

The enhanced landfill adaptive capabilities of small trees compared to
large trees appear:s to be supported bty evidence presented in this report
wherein shoot growth for :tmall trces of four (pin oak, greeu ash, .ugzr maple,
nybrid poplar) <f five species tested was equally good on the landfill ez on
the control, whereas, shoot crowtb on the large specimen: (saplings) was
Vloulzlcantly lower (i<,1¢) on the landfill than on the cortrol plot.

Tolerance of Balled-ard 3urlqpoed vs. Bare-rootea Tatgligl

Another practice involvi"c root characteristics which may aid trees in
Lecceriing udapted to stressed envircrrments is the use of balled-and-burl=pped
raterial rather than bare-rooted stock., In this investigation with a rirgle
cpucies, cugar maple, balled-and-burlapped trees produced longer shoots arnd
greater leaf volume than bare-rooted trees on the candfilil plot, but not o
the control plot. Obviously there was some advantaze in hav.ng a less pruned
roc: stock, There may 2lzo have been better mycorrhizae iroculum in the csoil
ball, However, whether this i- a charscteristic of one species or whether
the recults may be extrapolatza to other species must be further determined
by Durther cxperiments,

iolerance of Irrigated vs, Nca-irrigated Plants

Jugar raple was vs ed to assecs the value of surplemental irrigction in
a2dapting trees to landrill cover soils, This specics generally groew bet'er
in the contr»l soil having hlgher moisture and oxyger contents and lower
carcon dioxide tharn in the landfill. Although supplemental irrigation in-
crersed the soil moisture in both plots, irrigated maples produced sigrirfi-
cantiy acre (P<,Cl) ieaf +tissue than non-irrigated trees on the landfill but
not on the contrel iuring 7€ and 1979. Shoot length was enhanced by irri-
gation in both piots, but ihe increase was not statistically significant.

s5sibly, the tailure of irrigation ir *the control plot to stimulate growth
was due to the fact that sufricient rain had fallen during the growing season
30 that moisture was not a limiting facuor for growth of sugar maple on the
control ac it was on the landfill.

recreased growth of sugar maples on the landfill plot was undoubtedly due
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to the combined effects of low soil mois“ure and slightly elevated coil
carbon dioxidr and depressed, cxyger concentration, Also, the elevated

carbon diox®d. levelz may have caused the production of a shallower root
system on the landf£ill than on the control and, therefore, predicpose th=
maples to-drought damage. Gingrich and Russell (1957) report that oxyegern and
moisture cont2nt interact such that at high oxygen concentrations, low moi:-

contents, The oxygen concentration in the landfill soil.waé only sligh=ly,
‘depressed, therefore,.low s0il moisture cculéd have had a strong effect o
maple developrent,

Arthur (1975) observed an increace in stomatal resictance, and hence
reduced transriration of sugar maples after several days of exposure to zin-
ulated landrill ges mixtures. A similar effect was observed in sugar raplec
growing in the lanifill ‘plot (Table 8), Elevated soil carbon dioxide corncern-
trations (7.3%) in the non-irrigated portion of the landfill caused sigriti-
cantly increased szcmatal resistance in the sugar maples from lete mornirg
until early crenin; {Tigure 9) over that of the trees located on the landrill
where caroon dioxile averaged 2.87, Irrigation throughout the growing c-ascn
did not rignifi~antly reduce the stomatal resistence below that of the non-
irrigated erea,.

Air temperature, rclative humicity, and other meteorological parame‘ers
arz also known tc affect stomatal aperature., I!ultiple regression analysic of
dittusive resiszt.nce changes during the day showed that temperature and hu-
ridity effects accoun=-ed tor 71¢ of the variability in the landfill irrigated
arca (eoquation 2-page ¢d ) where the carbon dioxide (2.3%) and oxygzen {17, >
contents were ciose *5 that of non-landfill soils, S3Since ornly 157 and 07,
rcrpectively, of the vea-iability was explained by these two parameters in “he
non-irrigated areas with nirhe~ carbon dioxide and lower oxygen conuont the
delcterionz gas atriosphere and low moisture content of the soil appear to
have prevented temperza-ure and humidity from exhibiting an influerce cn
stomata2l resictance, Total wind movement from August 9 through luguct 253
alone accounted for L3 {eguation 3) and 537 (equation 4) of thz variabili-y
in stometal resistance in the control irrigated and non-irriga*ted areas,
res~actively, After wind mcvement was enter=a into the eguation, no other
viriable contributed significantly to the remaining variability, o©n the land-
i1l plot, howevar, .oil oxygen and moisture content contributedi significant-

"1y to *he varisbility. Apparently, the etffects of'adverse ges anvirorment
anc rofuced moisturs ceontent on stomatal epera*tire ir the lardfill plot nsve
effects of temperature, humidity and wind.

Cf the five landfill gas-barrier systems tested, the landfill mound
lined with a 30 em (12 in) clay layer appears to have promoted better grow:h
ci' American basswcod and Jzpanese yew than the unmodified landfill area.
Earswood and yew wi%h <he unlined landfill mound was generally zreater (bu*
not signitricantly so) than in the unmodified landfill area (Table 22). 1In
adiitioa, “he concentrations of carbon dioxide, methane and oxygen in the iwo
1l:ndfill mewnds were not significantly different “rom that in the unmodiried
control or control mound areas indicgting that the mounding of scil functiored
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successfully in wvreventing the upward migration of landfill decompocitiunzl
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the four growth parametcrs; however, the correlation cosfficients were slizht-
ly higher for the soil nutrients: nence, their inclusion in <he regression
models, The exclusicn cf the toxic soil gas (C0p) from the models above doe:
not suggest that they did not directly arfect growth, 30il gases at these
cuanuntrations have been shown to dramatically dffect vegetative growth
(Flower et al 1972, Lenre =t al 1979), However, the nigh correlaticnz te-
tween soil oxygen and onil nitrate levels (r = + 0,¢3) and betw:2n soil

oxygen ‘and soll manganese leveis (» = -0.80) suggest that the oxygen concen-
traticn has draratically affected the level: of nitra®e and manganese in
soil. Althcugh the 3data are not necessarily conclusi e, we can state, as iz
previous investigators, (Hoeks 1972), that t.e prcsence ot wrthane gas in
50ils is probably associated with microbial activity through which come plane
nutrients, particularly nitrogen compounds and trace m:tels are made avall-
able, It ir within the reall. ¢f possibility that some trace element (po.si-
bly nianganese or iron), essential to plants at low concentration:, could te
reaching toxic levels in soils contaminated by methare.

A reason for the absence of a soil moisturc comporent in the eguatiorns
iescribing shoot length variation may be that the bazswcods conciuded most o
their shoot growth by early June, whereas, soil moisture was considered
adequazte or non-limiting for shoot growth until mid-June. On the other na.z,
the l2avec continued to expand “hrough early July and thus lack of soil mols-
ture was =ble to exhibit an effect on leal waight resuiting in the inclurion
of roisture contert in the eguation (eq. 5) explaining varlability in leaf-
welight,

rhe effects of so0il moisture on stem and leaf growth deperded on the
$0il tulx density -level as,shown by the cross-product term (bulx densizy -
roisture content) in both models (eg. 9 and 7). For instance, at a high
pulr dencity (1.3 gfec), the higher soil moisture in the unmodified cortrcl
alesa compared to the unmodified landfill arca (Table 27, resulted in a 3ig-
nificant increase in stem growthi in the zontrol (Table 2L}, Or the other
hand, at a medium bulk density (1.0 g/cc), the significantly higher soil
roizwure in the control trerch compared to the clay trznch, resulted in 2
non-cignificant increzse in stem growth, Furthermore, at the low bulk dep-
sities (1.3 g,cc) found in the clay/vents and gravel trenches, a higher soil
moistur: content is associated with the pocrest stem and leaf growth indi-
cating the possibility that increasing soil moisture at low bulk densities
may be detrimental to plant growth, Mere likely, low oxygen and/or high
carpor. dioxids contents inhibited growth in the clay,vents trench.

‘uil orygen and carbon dioxide are both significantly correlated with

tagswood growth (Appendix € and both can reportedly cause a large effect on
lar; . productivity (Leone et.al 1979). Possibly, the high carbon dioxide anu
oxywen concentrations in the clay/vents trench have affected basswood
«t% 50 that less water was removed from the scil by the trees in this
ar:a, water iz also a product of refuse degradation (Fargquhar and Rovers
1¢,2) and ray travel through the soil along with the gases produced during
dscompozition, Thus, the higher soil moisture in the clay/vents trench ap-
j2ars to be a result of rather than a cause of poor growth. Therefore, the
iignificance of the bulk density X roisture content term in the two models
appears to depend solcly on the high soil moisture in the clay/vents trench

0";} |l ®)
g 2
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associated with wvery poor basswood growth,

In order to evaluale the «<frfect of the landfill envirorment on the total
amount of nutrients accumulated by the basswoods in each test area, average
weight of lcaves per branci was multiplicd by tissue rutrient concentration,
The differences in total uptak> among the nine arcas wir- analyzed in two
ways: first by using the total nu*‘rient content and =zcc.: i by adjusting the
nutrient means for bulk density and root biomass diiferences between areas,

Seil bulkidensity'dirferences between arcas resulted from dirferential
soil compaction caused by the use of heavy equipmeat recessary in preparing
the site for planting, therefore, neither the refuse, ncr any preducts from
it, had any influence on bulk density, Considering this and the correlation
between bulk density and nutrient uptake, removal of th=z effect of bulk den-
ity on nutrient uptake allows for a better appraisal of the effects of land-
fill-influenced soil conditions on nutrient uptake, RZoot biomass differences
between areas were influernced by larifill conditionz (3ilman 1973). High
positive correlations existed between basswood roct biomass (even though it
wis measured¢ guite crudely and varied considerably wichir each area) and
total uptake of all eight nutrients measured., Wwhen the «’fect of root bio-
mass on nutrient uptake was removed from the una’ysis by fnalysis of Covari-
ance, a measure of the efficiercy oI uptake au the root surface war obtained.
This efficiency is an evaluation of the ability of a given section of rooct
surface vo avsorb nutrients, regardless of the total amount of root surface
available for ‘absorption,

The most striking difference Setween the unadjucted (raw da%ta) and ad-
justed means (efficiency after removal.of bulk density ard root biomass com-
ponen. for nutrient uptake per branch) is that after adjusting, nutrient
zccurnzlation in the gravel/plastic/veris treucn and clay mound was no longer
signi Jicantly greater than that in the wmodified experimental screening area,
indicating that root biomass and bulk denzit, had a great influence on nutri-
ent accumvlation., Conseguently, basswoods in both 1landrill mounds, the
gravel trench and the clay treach accumulated the eight nutrients no more
2fficiently than in the landfill screening area. In the clay/vents trench,
autrient uptake efficiency was actually significantly veducec., The carbon
dioxide and methene gas concentrations were significantly greater {(F<,01) ard
oxygen significantly lower in this area than in all other areas. Apparently,
503l carbon Jioxide can rezch 7% and oxygen can drop to 15.3% with no effect
or nutrient uptzke efficiency, However, when the carbon dioxide concenura-
tion reached 22.27 and oxygen, 4.3% (clay/vents trench), nutriznt accumula-
tion efficizncy was significantly reduced (Table 30).

Flants grown in soils low in oxygen often accurnilate le. ‘zassium  1an
those grown in soil with an adequate oxygen sapply (Hammond 1955). If less
potazsium is taken up by the plant, then relatively more potassium should »e
left in -he s0il. This was true for American jasswood in terms of concent-.a-
tion of potassiua in the leaf tissue (Table 25 and total potassium uptake
per branch (Izble 20). Iore potassium was lefi in the soil (i.e, the potas-
sium value in June minus *hat in Cctober was sm2ll) in those areas where
tasswood leafl weight and total potassjum uptake were low. This is regresented
in equation 2 by a positiv: coefficient for the potacsium in June mirus
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potassium in Octover eff.ct in the model describing leaf wecight variability.
The oxygen concentratiun in Lwo of these poor growth areas (clay. vents and
clay trenches) was lower than in any of the other area:s. Apparently the low
ovygen, and/or high carbon dioxide, contributed somewhat to the low potacsi-
um uptake of the basswood growing in these trenches, resul<ing in the small
change in soil potassium from June to Qctober,

Foliar conceritrations of manganese, nitrcgen ard petassium were signifi-
cantly reduced (P<,05) in basswood trees growing in the area of nishest car-
bor. dioxide and lowest oxygen concentration (cluy/vents trench).,  Jimilar
phenomena were observed by Leyshan and Chzard (174, i.2, concentrations of
nitrogen, phosphorus and potassium were reduced in barley ti:tsue grown in
oxygen-deficient soils, Concentrations of nitrogen and potaszium were alco
reduced in avocado {Labanauskas et al, 19¢&) and potacsium wa: reduced in
slash pine (Shoulders and kRalston 1¢75) when the pla**: were subjected to
reduced <xygen conccntrations,

Plants grown in sewage sludge treated soil where the available manganese
is often quite high (e.g. 141 por) contain sigrificantly higher concenzra-
tions of mangqnese relative to plants grown in non-sewace sludge trea‘ea soil,
Zince liierature corncerning the effects of low oxyzen comvtired with high
soil mangenese on accurulation of mangarece in trec ticcue ic wanting. inter-
pretation of the decrcaced nanganese concentration irn btacswood leat tissue is
at best, speculative. A%t rirct glance, lack or oxyzen in the zoil, caucsing
disruption in respiratory activity in the root cystem and impalrir: rarnzanecse
uptake appears to be an attractive explanation cince oxygen level wac posi-
tively correlated (P<,05) with tissue manganeuse content, owever, conconi-
tant with l.iw soil oxygen are hi. L carben ;Aor1u» cor.nen~, hish Tanperature
and or szveral occasions high methane and o onher gaces in lcu:f?

amounts such as aydrogen sulfide (H,3), “Jdroﬁ n :Ul:;;e was noT nealured in
the present study; however, detrimen*al efrectz of 7 cu root formation ard
activity have been reported (Hollis 1%67, Hollis et al. 1%73'., Jeveral
authors working with the mechanisms of toxici v nave indicated that the
presence of 1.8 may lirit nutriernt uptake (. "oshi et al., 1975, rorrzmperuma
1975, There"have been no reports of the elffzcts of temperature or methane
on nutrient uptake,

Tissue calcium concentration was significantly lowzr Ior the two area-
{2lay/vents and clay trenches) whare oxygen was lowest ani carbon dioxids
highes% in content. Soil tempecrature was also higher in the clar vernts
trench than in all other ar<as. Regression aralysis shoged t-at the =—ercer-
ature during the growing scason was highly corielated {37=+72") wi-h calcium
ccncentration (Appendix C). These results are supported by 3Burstrom {1757)
and Neilson (1971} who separately found that the soil calcium level requirsd
to maintain good wheat growta increased with increasing soil temperature from
20°C to 30°C. When corn roots were exposed to cycllic temperatures, they
reacted almost identically to the resgonse corresponding to the maximum tem-
perature alone (Rattan 1%7&), Cons2juently tne correlaticn between some
aspects of growth (i.e, calcium, copper and iron leaf tissue concentration)
and nhighest temperature is not suprising.

Only one of the nutrient elementi measured, iron was more <o centrated
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in the clay/vents trench than in any otner area (1<,05). This area contained
the lowest oxygen concentration (L.37) ihroughout the entire growing season.
Tt is regorted that prolonged low oxygen concentrationc brought arout by
flooded soil reduce iron making it more available to plants (Ponnamperuma
1955) and peirhaps causing it to reach toxic levels (Ponnamperima 1.55),

Low oxygen alone or in conjunction with flooded soil has also been associated
witn an increase in iron content in avacodo scedlings (Labanauski 13€3),
Whether or not iron was tawen up by the basswood trees in quantities large
enough to cause a toxic rosponse is not determiiable froem the precent study,
These data suggest that 1landfill gases are at least partially responsitle for
in luerncing the total productivity and deplh of penetration of the Arerican
basswood root system and are in agreement with previous wecrk (Gilman 19785
which tuggests that high gas concentrations are partially responsible for a
decreasz in root biomass of trees orowing on iandfilis,

feot Growth in “andfill Cover Zoil

Table L3 shows that although tutal root lergti and maximum penetration
derin were decreased by landrill gases in the wmodilied landfill and clay/
vents trencn areas; average root depth was apparentl;y not reduced in the
clay/vents trench where the gases reached their hignest levels (22,27 TOp,
12,75 CHL), but significantly reduced irn the non-trench landrill zrea where
the gas concentration was szcond highest (5.17 COp, 5.6% CH.}. This apparent
incongruity can perhaps be explained by the limited root growth in the clay/
vernIis trench, i.e. roots may not nave had enough time to grow toward the soil
surface before the trees died ani thereby avoid the high lanifill gases due
1o tre inhibition of growth by *he gases cv otner s0il facters early in the
srowing season,

Carton <ioxide concentration weas sicnificantly higher at the 20 am soil
decth in the un-modified landfill area than in an;, other arca excegt the
v/vents trenen,  The madority (6C,75) of the roots in trhe non-trench land-
area extended toward tre sur.ace and prolirerated thsre, resulting irn
the shallowest (#<,05) av-.rage root cepth (7.4 cm) or all arcas, It is be-
li=ved that with the higrn landfill gas content of the clay/vents trench at
the 20 om scil depth, (22,57 23, 12,04 CH),) andjor low oxygen content (L, 37),
v to avcid thiz gas environment, tul when the conditions are
. the uwnrooaified landfill azrea (3.1 Clp, 0.9 CH, and 12,57
£o, Amer.can basswood ic czpable of ¢xtending all of its root system 15,3 com
intc the soil, Y%here the gas content at 20 ecm was 1,07 COz, 0,07 4 and
17,37 02, average root deoth was 24,4 em.  Results for bacswood (silman 1973)
corroborate those for Japancse black pinc, Norway spruce, hyorid poplar, honey
lccust and green ash discursel oraviously,

in order to iurther investigate the effects of high and low landfill gas
(75 and CHL) concentravion: on vertical root distribution ia landfill cover
seil, seedlinc-c and capling: of hybrid roplar ard green ash (one replicate of
cach from a relativelr nir-gas aren and one from 2 relatively low-gas area
on the landfill) were excaveosd and mavoced, Two replicates of each were also
excavated on the control “or carnariczon [r'or a total of eight trees on each
plot). Root distribution was sicnificantly challower {P<,05) in the high-gas
areas than in the low-gas landfill arcac for both seedlingns and saplings of
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theze two speciés. All landfill trees of both species had significantly
(P<,05) shgllower root syctems than trees growing in the control plot,

The two factor:; which differed most between plots were soil gas concen-
trations and soil moisture content, Carbon dicxide, methane and oxygen con-
centrations at the 20 cm depth on the landfill (CO,=3.9%7, CH)=0,4%, 05=17.C7)
were significantly different (P<,01) than on the control {(COu=1.¢7, Ciiy-C.07,
02=19,9%), Soil moisture content averaged .05, on the landfiil arnd 11.5% on
the ¢ ntrol., Since areas on tre landfill plot where treec were excavated
dirrerced in gas concentration but were similar in moisture content, the
shallower root system in the high-gas arcas probuply resulted from the
diff'vrencc in gas concentration rather than in moisture content, tHowever,
differences in root depth betwezn landfill trees and the control trees could
have resulted from landfill gas contamination and/or lower s0il moisture
levels on the landfill than on the control. Few landfill cover soil environ-
ments are characterized by low soil moisturc content alone (Flower et al);
most are acsociated with elevated levels of carbon dioxide and methane,
depressed oxygen concentration, low soil moisturec and a variety of other
undesirable qualities,

Evidence has also been produced by these studies tu suggest that speciec
with a ratural propensity toward producing challow root systemsxSJapanese
black pine, licrway apruce) (mean depth approximztely 9 cm and L ¢m respec-
tively on cortrol plot) grew very wcll in 1andfill cover soll, Teeper rcoted
species (crecn ash, horey locust-mean root depth on control 14,7 and 1C gm
respectively) were forced to respond *o the landfill stresses thrcugh devel-
cpment of surface roots, when deeper roots are the norm and, therefore, grew
less vigorouszly on the landfill than on the zontrol plot,

Apparently, a desirable 1andfill specics shiowld have, in addiztion “o
low-oxygon tolerance, one of two rooting ci:zracteristics: either 2 naturally
challow root uyszem or the ability to adapt rrom,a characteristically deeper
to a relatively shallower root distribution ir ‘order to aveld the deeper
adver ;¢ soil gas atmosphere, Sirce only onz (black gum) of tie seven re-
portedly flood tolerant species (black gum, bayberry, American sycamore, red
maple, green ash, honey locust, sw2et gum)} provcd to be relatively tolerant
of landfill conditions {(®able 12), the respirator) riechanism responsible for
allowing <iiese species to survive in low oxy sen envircaments, operating
norr.elly in a water-saturated environment, nay not have furnctioned properly
in the low moisture conditions of a landfill cover soil,

5ilman (1973) has previously reported that small trees may be more cap-
able of adapting to landfill cenditions than large specimen:. In the current
root distribution studics, roots of the hybrid poplar saplirg (large tree) in
the nipgh-gas landfill arca were unable to grow at the greater soil depths
(3¢ cm). Snly four rooits remained alive at the time of excavation (>ctober
1273} and these grew upward from approximately the 20 cm to the 5 ¢ soil
denth.,  these roots appeared to have »cached the soll surface verv rapidly
beeause the angle of the roots to the horizontal was rather stezen campared to
the angle Tor roots of the similer-sized poplars in the low-gas area., Many
of the latter roots appeared to be growing toward the scil surface; vhereas,
few roots of the large poplars on the control plot grew from deeper to
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shallower soil depths, many roots actuailly grew deeper irnto tne soil.

The roots of Lytrid poplar tr~.s plented as cuttings (small trees) in
the andrill soil also grew toward the soil surface; whereas, roots of cmall
poplars on the control plot 4id not extend toward the soil -surface., However,
the rooted cuttings were planted with a very shallow root system, and, there-
fore, had to adap* less than the poplars planted as saplings which hegan with
a much deeper root system and were more likely to encountzr higher landfill
gas concentrations than the more shallov root: of the poplar cuttings,

a
31
Q
]

"Unlike small-sized hybrid poplars, small green ash seedlings did not
apgpear tc adapt to landfill conditions to a better degrée than larger speci-
mens, Roots >f botn seedlings and saplings of this species appear to have
adanted to the landfill =o0il cornditions in a manner very different {rmou
nybrid p»oplar. GWhreas, poplar roots originating at the deeper soil stratas
on the landfill (20-30 cm) made their way upward as they elongated, the
deeper green acsh rodts diil not reach for the scil surface but, instead
remained wt the original depths where growth continued in a ctunted fashion,
Azh roots can reportedl; tolerate low oxvgen erviromments (Gill 1970). 4ch
roots in this study, therefore, have apparently tolerated adverse landrill
gas corcentration: {CC=13.17, CHL=7.3%, 0p=12.237). iven so, a large portion
of the roots irn the high-gas arca asprouted f{rom tha root collar in the tcp
2.5 cm of soil (Tigure 3L), thus evincing a shallow root gas avoidance mech-
anism different from that of hybrid poplar.

155

S e




REFERENCES

Alberda T. ‘rowth and Root Uevelopment of Lowland Rice and its Felation <o
Oxygen Supply,  Plant Soil £:1-22, 1957,

Anonyrus,  final Dvaluation Test tlot: Toyou lanyon Fark Peclamation Site,
Office memorandum to *i, i, hanoon, Janitary rngineer, Research and plan-
ning, Lept. of iublic WOrks, City of Los Angeles, California. 11 pp.

Armotrong, W., T. C. Booth, P. "riestley and i, J. Read. The Pelationship
Between £oil Aeration, Stability and rowth of Jitka Spruce (licea
sitchensis) (Bong, Carr.) on Upland :ecaty ".ezys. J. Applied Ecology.
13, 5€5, 1976.

Arthur, J, J. The Eflect of linulated Sanitary Tandfill “ererated ‘ias Con-
taminatior. ot the RPoot Zone or Tomato Flant: and Tvo laple lpecies
Masters Thesis, Rutgers Urlvcrulty, 1)78

Boogie, R, wuifect of Water-Table Height on ©oct Levelopment of Pinus

~

Corntorta on Teep Teat in Scotland. Cikas (Apstract) 23, 30L, 13,2

Srevmer, J. . and K. h~w, Cenitrification in coil,  IT Factors Aifecting

<

Tenitrirication, Jour, Azr. Zei. 5l:nC-L2, 1958,

3roadbent. ¥, ¥. and 3., ¥, Z:tojanovic, The Zffect of tartial lressure of
Cxygen on 3orme Joil litrogen Transforrations, Joil Sei., Joc., An, FProe.
16:350-303, 1952, |

Brouwer, R. '‘Gome Physiological Azpects of the Influence of firowth Factors in
the Xoot lledium on Growth and Iry latter Production., faarb, I,B.C.
11-30, 133, '

aJrouwer, ¥, Jon Absorption and “‘ransport in Flants, Ann, Rev, Flant
Fhysiol., 1G:2Lk1-203, 1203,

Brown, C. and 0. Hook. Root Adaptation and Relative Flood Tolerance of Five
Hardwood Species. Forest Sci. Vol. 19 (3): 225-229, 1973.

Bryant, #, T, Comparizon of Anatomical and Histological Differences Between
Toots of Barlcy irown in .erated and ilon-aerated Culture 3olutions,

Flant rhysiol, 2:3¢9-391, 193k,

. Temperature and Joot Cell Zlongaticn, FPhvsical Plant,

156

e v maa A i aa | s st b S e

e A+ bl a1 oo o G e

RO

e



Butier, D, X.

WERRL, 2C.

(¢}

of af Temperaturces in’a Tropical Ynvironment, ACTA Bot.

fez Lo
:129-150, 1977,

(\)

Chang, #. 7. and Loomi... “rfect of COp on Absorption of Witer and Ilutrients
by Roots, Ullant Fhysiology. 20:220-232, 1945,

s, M. P, and J. J. Thiiipson. Tolerance of Tree Poots o Waterlogging.
I. Survival of Sitka Spruce and Lodgepole rine., lew Tuytol. {197%a)
B0O:(3-Cw, 1978,

Joutts, M, I, and J. J. Philipson. Tol:rance of irze “oots to
Vaterlorging, I[, Adaptation of Sitka Spruce :nd Lodgepole !ine to
waterlogcing Soil,  lLiew rhytol, &0:71-77, 197tb.

Pavies, W. J. and T. T. Xozlowski. OCtomatal Responses of Five Woody Angic-
sparms to Ligh® Intensity and ihwnidity, Can, J. Bot. 52:1525-153L,
27k, '

ravies, v, 7, and 7. 1. Xozlowski, Variations hmong Woody tlants in Ctomatal
Cor ductance ard hotorynthesis During and After Lrought. Vlart and
Bio., bi:435-LLL, 1977.

Davies, ¥, ., T. I, tczlowcki and J. Perrira, Effect of Wind on Transpira-
tion ard Utomaital Aperature of Woody Plants, pp. h33-L38, - in techa-
nisms o7 fvgulation of Plant Growth; K. L. Bieleski, A. R. Ferguson
ana i, ¥, Crecwell (eds,), Bull, 12. The Royal Zociety of liew Zealand,
vellington, 1959,

Zreen, L, A, Applicationc of Radioisotopes to the [-udy of Coillc and rFertil-
izers~: & Review, Proc, Tnt, Conf, leaceful Uses of Atomic Inergy
{Sencva 1355). 12:89-97, 105E,

Tobson, 4. . dicrobial Cecompocition Investigations in Sanitary Landfills,
th.2. Thecis, YWest Virginia Univ,, 10€h,

“rickson. L. 7. ~rowth of Tonato Roots as Influcnced by Oxygen in the
Tutrient Jolution., Amer. Jcur., of Zotany, 12:151-1€1, 190k,
Tord, "t W, Tucteriel Metabolites that Affect Citrun Xoot Curvivel in Soils

Jubject to Floeding. rroe, Amer. Scc, Hort. Zei, 85:205, 1965,
Flower, “. 3.. 1. A, leone, ¥, ¥, Silman and J. J. arthur, A Study of Vege-
tation roblems Azsoz 1atLd with Refuse Landfills, EFA Publication

600/2-79-128. May 19:9.

Yowells, . A\, Jilvics of rorest ‘rees of the United Trates. U,S,D,A, Agr,
landbook Lo, 271, 762 pr., 1965.

Teisler, e The “orphogenetic Iffect of Cxygen on Roots, Plant Fhysiology.
Lo:de-cz, 145,

157




treizler, TI. The Iarluence of Carhbon fioxide and HCO3 on Rdots, Plant
vhysiclogy 38,57, 19¢3, :

Gili, <. J.-'The rlooding Tolerance of Woody Species, A Review. Forestry
Abstrec .o, 31:‘71-688, 17370,

S1lman, ¥, ¥, Screening of VWoody Specie. :znd Planting Technigues for Suit-
ability in Vegetating Completed Sari<ary Pefuge Landfills, M,S, Thecis,
Rutgers University, 1J. 120 gp., 1ric. :

Gilman, ¥, ., I. A, Leon2 and [, B. rlower, Determining th- Adaptability of
Woody Upercies For Vegeiuting Campleted Nefuse Landfill Cites, ‘ror, 3ci,
{in prewsz), 1960, . :

Gingrich, J. R. ard M, B. Russcll. A Compariscn Of Effects of Soil loisture
Tersion 2nd Osaotic Stresc on Root Growth, Soil Seience,. 8U:185-19L4,

YAy
At

Trabel, A. H, 30il Aeration and flant Srowvth, Adv. Agron. 18:57, 1976,

dall, A, Y., B, . I, Camacho anl i, K, “aufmann, Fkegulaticn of Water Loss
by Citrus Leaves, rthysiol, Flart, 33:%52-£5, 1975.

Harmond, L. C., W, H, Allaway ard W. F. Toauis, The Effects of Op and COp
Levels Upon Absorption o ¥ by Plants, . Flant Physiol. %0:155-150, 1955,

Harkov, ®. and Z. Ereanan, An Fsophysiélogical Analysis of the Tesponse of
Trre: te Oxidant Pollution, A:rCa Journel 29(2), 1970,

Heyward, ¥. W, The &Root Zystem of Longleaf 'ine on the Leep Tands ot .estern
lorida, Ecology. 1b:135-1L8, 1933,

Hoaglend, D. R. and T. C: Broyer. General Hature of the Trocess of M=thcds,
“lant Fhysiol. 11(3):471-507, 1935.

Hodgkins, £. J. and H. G. Nicnhols. FExtent of Main Lateral Roots in Natural
_ongleaf Pine as Related to Fosition and Age of the Trees. For, Zci.
23:102-155, 1977,

Hoeks, J. (Changes in Composition of Soil Aic Near Leaks in latural Jas Mains
Zoil Science, 113(1):%6-5!, 1972, '

Yolch, A. ¥. Deve ooment or Roots and Shoots of Certain Deciduous Tree Seed-
lings in Tifferent Forest Sites. Fcol. 12:259-289, 1931.

Hollis, J. P. Toxicant Iiseaces of Rice, lLouisiana Agric. Fxperiment S*tation,
Louisiana State University, Baton Rouge, LA. Bulletin No. 61L, 1907,

Hollis, J. P., A, I. Allam, G. Fitts, M, M, Joshi and I. K. A, Ibrai.ia,

fulfide Diseases of Rice on Ircn-Excess Soils, Acta. phytophatnol Acad.
Seient. Hung, 10:329, 1975.

158



narawood >pecies. torest Sci. Vol. 19 (3)' 225 229, 1973.
Hopkins, R. M. and W. H., Patrick. Combined Effect of Oxygen Content and Soil

Coampaction on t.cot Penetration. Soil S 108:L08-L13, 19€9,

Howeler, R. H. Iron-Induced Oranging Disease of Rice in kelation to phjaiCO-
Chiemical Cchanges in a Flooded Oxisdl, 35oil Sei, Joe. Am. Proc, 37:89%, S
1973.

Jones, -R, Carparative Studies of I_.:.. Growth and Distribution in Relation
te Vaterlogging., VIII  The Uptake of ithospibcrus by Dune Glack tlmunts,
J. Fcology. €3:1C9, 1975.

Joshi, M. M., I. K. A, Ibrahim and J. F. Hcllis, !ydroger tuifide: Effec
on the Thysioology of Rice Plants and Pelution to Z-raight-ilead Tise
thytuphatol, 65:1165, 1975,

acte,

Kaleda, F. K. On the Horizontal Roois in [ine and Upruce Stand, I, Acta For,

Fema, 57:62-68, 1949.

Kozlowski, T. T. and W. J, Davies. Control cof Water Loss in Chade Trees., J.
of Arboriculture, 1:81-90, 1975.

Kramér, P. J. Transpiration and Wwater !conomy of Flants., In Plant “nysiol-
ogy. Vol. II. Plants in Relation to Weter and Solutes, rdited by =.
C. Steward. Academic Fress, low York. Chap. 7, 1933.

- Kramer, P, J. Causes of Injury to rlants fram Flooding of Zoil. Flant
" tThysiol., 26:722-736¢, 1951,

Taharauskas, C. K., L. H. Stolzy, G, Y, Zentmyer and I. Z. Szuszkiewicz,
Influence of oil 02 and Soil Water on the Accumulation of llutrien<: in
Avocado Seedlings., Flant and Scil. 29(3):391-L0¢, 14£8,

Laitakari, £. The Root System of rine, Pinus sylvestris, A Morphological ~
Invectigation, Acta For, Fean, 33:3(7-320, 1929,

Lees, J. C. Soil Aeration and Sitka Cpruce Zeedling Srowth in Feat., .
teol, €0, 3L3, 1972,

Lenhart, ., Y. Iritial Root Developiient of Longleaf Pine, J. For., 32:453-
Led, 193k,

Lenard, O, A, and J., A. Pinhard. Effects of Various Oxygen and Carbon
nioxide Level:z on Cotton Root Teveloprent., Flant Physiol, 21:12-36,
15LC,

Leone, I.A., F.B. Flower, E.F. Gilman and J.J. Arthor. A Study of Vegatation
Problems Associated ith Refuse Landfills. EPA Publication 600/2-79-
128. 1979

Letey, J., O. B. Lunt, L. H. Stolzy and T. E. Szusziewicz, Flant Growth.
vwater Uze and utritional Recponse to Rhizosphere Differentials of O

. . - 2
Concentrations. Iroe. Zoil, Sci. Coec. of Am. 25:183-189, 19¢c,

Leyer, 5. and O, Jtocker, Uber die Transpiration der Schlie Bzellen,
Trotoplasma \‘1cn) £€C:61-78, 1965, (Abstract),

152

_.-._..i....____..............:...n.,.........u....i........-.n:-n---u-inu-—--.---;......nh.,J.



Leyshon, A, J. and R. W. Sheard. Irfluence »f Chort-Term rlooding on the
Growth and Plant Nutrient Composition of Barley. Can. J. Soil Oci.

5kiLC3-L73, 197k,

Lutz, H, J., J. G. Ely and 5. Lettle, Jr. The Infl ence of 30il Frofile
Horizons on Root l'istribution of ¥hite line. Yale University Scn, of
For. Bull. No. Lk, 1937,

owaroore, R, J. and J. H. Stolzy., Reot Porocity and ‘irowth Fesponses .of Rice
and Maize to Oxygen Supply. Argon., J. ©l, 1ol

Mansfield, 7. A. 'Studies in Stoma*al Prhaviour. X¥TI. Cpening in High Tem-
perature in Darkness, J. Exp. Bot. 15:721-731, 19€5,

Mansfield, T, A. and O. V. 3, Heath., TFhotoperiodic Effects on Stomatal
Behaviours in Xanthium nennsylvanicum, lLature, 191:47L-375, 1951,

MeTarty, . L. The detnane Fermentation, In: frinciples and Applications in
Aguatic JIVPOOIOlOby, Rudolf's Research Conference, Putgers, The State
University of ilew Jersey, 4. Wiley and Jons Ine., Hew York, 1963,

Meidrier, ¥, and O, V. &, Heatn, Studies in Ctomatal Behaviousr, VIII. Sto-
matal Rezponses to Temperature and Carbon Tioxide Concentration in
Alliw cepa, and 'Their Relevance to Mid-lay Closure, J. zxp. Zot,

- 2CL~210 3 .
10:2006-219, 1959,

veiklejonn, J. Come Aspicts Of the . Thysiology cf the YNitritying Bacteria.
Autotroghic Microorzanisms, Cambridge Univ. Press, Cambridge, MA. 175k,
pp. -3, '

“itzui, . and K. Kumazawa., C"ymamic ftudies or the Julcrients Uptaxe by Crop
Tlante.  Fart L4i, llutrient and Fesdox Conditions, Zoil Sei. flant Nutr,
10:227 (ibatract), 190k,

roldau, ¥, A, and A, Y. Syber, Effect ot Air fumidiiy on Stomatel and
tesg oorg I1 ( nduct*v1ty oI Bean Tsaves at Two .'oil Moisture Levels.
TR 21(%):800-80¢, 197%.

“ocher, i, U, and M, H. Miller, Influence of .'0ll Temperature on th: Geo-
tropic Fusponse of Corn Roots, Flant and Joil, 39:177-13¢, .1973.

, L. E. The -ffects of Root Temperature aad Ca Supply on the Growth
nd Trancpiration of Cot%on Jeedlings, lant and Seil, 3hL:721-729,
- _

CHL and M2 on Growth

Liranjon, v, oand T, L Mikkeisen, The Zffect o CCo,
Soil.  L7-313-322, 1377

and utrition of hice Ceeddings. Flant and

arker, ~. *. and 3, .Jenny. Water Tnfiltration and Related Soil Properties
freone d ©. Cultivation and OJrganic Fertilization., $o2il Sci. 60:
Te, 19Ls5,

160




arks, W. L. and W, B. Fisher., The Influcnce or Joil Termperature and [itro-
gen on Ryegrass ircwth and Chemicel Conpocition.,  foil tei,, loc. Arm.
froc, 22:257-259, 1958.

ficiul ixtures, Lime arnd rF=rtilizer
Cortainerc, Uouth Jersey liescareh

T
PELT

son, J, VW, and ®. L. Flannery, Artif

Guidev for rowing llursery Plants in

und Levelopment Center, Bridgeton, !

favlycheniko, 7., K. The foil-Block Wuchirg Method in Cuantitative oot l-ud;.
Canadian Jour. Res, 15:33-57, 1937.

repkowitz, L, ., J. W, Chive. XJjeldahl litrcgen Cetermination: A Wet
Digestion Micromethoed., ind. and Ing. Chem,  1L:01L-21C0, 19L2,

Prilipson, J. J. and M. ¥, Coutis, Tclerance of Trece -oots t0 Vaterlogylng.
I11 Cxygen Trancpori in Ludgepole fine and "itka pruce “ootc of Irirary
Structure, ew Chytol, F0:3L1-3u0, 1372,

fonnarmperwma, F, II,. R, Bradficeld and M. feecil, Lk"”iologival Lizcase of
Rice Attributable to Iron Toxicity. lature, 5._‘ , 19563,

tonnamperuma, F. . The Chemistry or futmerged 2ils i felavicn %o irowtn
and Yicld of tice, Ph.D., Thesls, Cornell Univ,, Ithaca, l«w York, 195%5%,

Pornamperur.a, T. . Dynamics of Flooded "oiln at the Dutriticn of the Tice
tlant, :roc. of Jymposium on the Mimeral ussition of the Fice Flant.

The “ice “ecearch Inse,, Los Zanos, “agana, [ silippines, ebruvary, 10ckL,
pp. 295-327.

RalcTon, . W, Istimation of Qorest Uite lroductiviliy. rtern., Hev, Forest
ocearcen,  1:111, 19¢h,

¥+~

“attan, L. lfectc of Constant and rFluctuatirg Coil Temperaturec on Irowth
-LVL1OCTLDt and utrient UptaXe of ‘aize ._zedlings., Tlant and Jeoil.
2:5% - 06, 137k,

%einhiardt, J. J, and B. K, Ham, Final heport on u bLemonciration Projict

radicon, Wize. to Investigate Milling of roliz Wastes, 1)73.

5t

“owce, ©, .. ard . V. Beardsell. Waterlogging or ruit Treec, Hort, Abstr.
L32:533, 1973.

Rovers, ¥, L. end G, J. Farquhar, Sanitary Landiill Ztudy “inal Report, Vol.
IT. Tffecet of Ceasonal Chan;c: o _wndfill =achete and Jas TFroducticn,
Taterlon Rescarch Institutd, Froject 3033, llov, 1772,

Cchul** . Do, 0. T, Lange, U, Rucchbom, 7. Xapren and !, Tvenari., Stomatal
ezponres to Changes in Humidity in Tlant Srowing in the Zecsert, Planta
(B.rl., 103:254-270,. 1972, '

Shoulders, ¥, and C, W. Ralston, Temperature, T.00% Aeration and Light Influ-
ence 3lash Pine lutrient Lptake 2ate, Torest Sei.  21:L0L-b10, 1975,

161

it et W




Slatyer, . C, [Plant-hator 2c¢isticrshios, Acwlonice [raan. ow

3
Forceut Bullctin Yo, 1%, 175,

Teerien, P, ., aal W, H, J., Hottireh o rotic L.
biolory or Aracrobic Ligcution, hator o, .
1w,

Troushion, J. i, flont Water Utatus antd fTart oo S lonian o omeioon
Leaven,  Aust, I, Ficl, Jel, zer2 o s L "

TrSUSS, . i, Jr, znd RV, Yarbeor, Jarc

Levelopment of Cugar Tanc coot., s Joil i,

Valoran, Tl.owad J. Tetew,  Joil Lxyoen wra - iutionchips e

Jei,  1C1:210-215, 1 -,

Yumos, I, Cialy The Juucc
Fiant Tovd., L:37, 1o,

Veihreyer, F.oJ. and &, HooHenaricxzoon,  Joil lentity as oa factor
i

miring the Terranzont Wilting :=rcenta

Valhmeyer, T, J. and A, L Herndrick-oon,  Jcil Tens

Soil Jei, AEilovel3, 18hE.,

.gleal Tine: 2% o-oreote
.
Srorer, ool Croteon of
oy trairis, Beu, Iz,
White, . ¥, Avallable Watcr: The Moy to Dorezt (It wraluaticn,

1.5z,

SLoand TL0 T, fozlowski, :
to [reoe ecdling feolegly. U

Zdéziclaw, I, anz J. recziz, Avnormalities in the Fo0ts

Tcrie lunp <riz2l, In Ecology ard - clams=ion of
Lorden 3

znd Zriach, oW Yorx, lew fork,

. Jtudies ol tins 00U Ulyaters 0 Lccisuous Trosc, o L

b

Torest Joilsz Conf,, Michijorn Lcan: niv,0 o caeT lanoinn




[ e
. %)
sy 2
o
: r
l
- i
: i
MY
(]
~
e
; o
e
. 1 -
" ] [}
RS |
[ -
o
(PGS
4
Y
. ! :
) [
. B [}
. [ [ N
' ~ s o 9]
- © O a4 D [9]
9 0 - [
k! hst I
1, ¢l 2 —
£ cf ¢) l .
= o > - i . 1
4 ") ‘ i (TN
" b PR IR
- el [& S0t
LAY

I
a3

v &} e

[ ord Ve [t

[ [ ot Yy

1 v Coay U

' w0 L

RN " ISR SN




]
;
21 A
iy
<
= 1l '1
P
- B
., 134
P
°
124
i -
3 1

S
\

(]
\NOR
R
[
ANAR
=d
(09
-]
‘) 4
i
\¢)

Figure A-1, 3iack gum shoot length on landfil! and control plots fram 177
through "_'_‘-7).

16k



increae

e

+
[

Leree:

EYRE

177 1578 1979

165

-9



Z5 1

oot Jength (or)

20

rigpure f-3, Jaganzse yew shoot lzngth on landfill and control piots from
197¢ through 1779, '

166



Oo——— lzndiriil plot

&——— cControl plot

50 4

atem incroace
:
o
N
~

50 4 ////‘\\\\\\\\\ 7
. a /
501 \\\ / . // \'
N /
1 ) / '

ereént

(@2

T T v
1977 1973 : 1979
' TEAR

['igure A-l, capancse yow percent suvem increase during the years 1977 through
S 179,

1€7



Yoot lengih (em)

Yigure A-3S,

4 o——— land{ill plot

)
O

&~—— (Control plot : O

25

10

1975 1977 1973 1979
YEAR ‘

Japancse black pine shoot lecngth on landfill and control piots
fron 197¢ “hrough 1979.



TG

(&

4
3
o [=ifaps
) oL
@]
o
sl
g L4
5
)
vy
,_)
=
) O
3 ou
—
o
20

1577 1578 1979

Figure A-c, Japaneze bl..ck pire percent stem increase during the years 1977
through 1973, '




o—-—— lunnrill plo:x

AL A
[4S -,
K $&——— Tontrol plot

19 .
12 \

= ' \

> 11,

v

- 2124

)

3

i 1C o
A \

| S

U T T T T

1776 1977 1975 1979

FTilgure A-7. uinkgo shoot length on landrill and control plots from 1976
through 1979, '

+
-3
(@]




o——-— ‘arifii. p.Lot

20 o - Tontrol plot

15 1
5
¢ e
3 °
o]
S
=
]
5 16 A
2
+©
5
]
[©]
e
@

5 B
% T o T
1977 Love 1979

AEAR

Figure A-8. Cinkgo percent stem increase during the yéars 1977 through
1979. :

171




‘5 15 4
<
ey
&g
?;
~
-0
o
2 LG
5 -
0 T T T L
1-7w 1977 1478 1979
' Y=ZAR

rigure A-9. White pine shoot length on landtill and-control plots from
157¢ through 1979, '




1HCrelse
e
~

Lo 1’ 3 : /

. stoem 1

t'ecrcent
e
v
Ve
~
™~

30 /.
] N / /
4 =

20 1

T L T
A
Tigare A-10, Write pin. s-oreont ctem incrvase uring thio vears 1377

172




o——— andIlill rlov

| - &————— Control rlot

20 1

F
N

(e

12.5 1

h

[
~

' T T T T
1 LT 1 - g
SRR

Limare =il 2ayberry shoot lungsh on landrill and control plot: from
S 70 through 1737,

17h




1 1

~ |
o
: l
T e |
: ' ~

&J

1¢ 1

O T ¥ T

177 1978 _ 197

YEAR

S l.ure A-12, Bayberry percent stem increase 4o i:g the years 1977
through 1579,

175

A i ¥ . S P —siae WL




o——— Landfill pliot

25 A ——— (Control plot
20 7
§ 15 1
<
Fe]
0
=]
W
r—1
+
o
Q -
ot 10
5 -4
-0 T — T T v .
197¢ 1977 1978 1979
' YEAR
Figure A-13. Norway spruce shoct length on landfill and control plots

fram 1976 through 1379.

176

Pttt



50 1 O———" Llandfill plot
>— Control plot
Lo 4
Q
[}
@
@
h -
g ¥
Cal
g
]
»
[}
2
<]
v -
0 20 1
QD
Q.
10 A
\.) L) T T
1977 1978 1979
YEAR

Figure A-1kL, . Norway spruce percent stem increase during the years 1977
througzt 19379,

7T

s .

e RENV s za

- N a8

e B e o s A e e My

beahell ¢ Nl Ll ekt Lt

-
’

j



25

20
g

S 15
K>
e
w0
:13
~
»
3

< 10

5

0

Figure A-1Y,

o— — — -